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Abstract 
We have studied epitaxial growth of ceramic thin films. In 
particular we grew high-temperature superconducting YBa Cu 〇 
2 3 7 - x 
(YBCO) films and ferroelectric Pb(Zr, Ti)〇 (PZT) films on (001) 
3 
M g O , (001) M g A l 0 (spinel) , and (1102) A 1 0 (sapphire) ； and YBCO 
2 4 2 3 
on (110) SrTiO . Both YBCO and PZT have similar perovskite 
structure, but their growth characteristics are quite different. 
High quality YBCO and PZT films were successfully grown by 
means of the pulsed laser deposition technique but there exist a 
stringent restriction on the substrate temperature and oxygen 
p r e s s u r e . Such information was obtained b y means of various x-ray 
diffraction techniques including 0 scan, pole-figure analysis' 
glancing-angle total reflection x - r a y diffraction, and texture 
analysis. 
The growth of YBCO on (110) SrTiO is quite complicated. 
Three growth orientations (110), (103) and (013) were observed in 
the films and the amount of each orientation could be determined 
provided that the defocusing effect was taken into account. 
For the growth of YBCO on spinel and sapphire, a buffer layer 
was required because of the chemical reaction of the films and 
substrates. 
The growth temperature for PZT films is close to its 
structural phase transition temperature and thus might affect the 
growth q u a l i t y . We employed high temperature x - r a y diffraction 
method to study the Curie temperatures of the as-deposited PZT 
films and found that the transition temperature of PZT films on 
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Ceramic thin films 
1. 1 ‘New stone era, the importance of ceramics 
Since the stone age, ceramics have been well known of their 
: w i d e applications in daily life and become an index of level of 
civilization. In the late twentieth century, significant progress 
has been made in discovering and manufacturing novel space-age 
ceramics which are the new building blocks of cars, computers and 
medicine. Traditional metals are being replaced by amazing 
ceramics products. Like our ancestors in the stone age, ceramics 
have become、one of the main components of our daily utilities. It 
is anticipated that we are at dawn of the 'new stone era, ( 
Ponte,1987). 
Ceramic materials are particularly worth-noting in the field 
of electronics because they have superior insulating, dielectric, 
piezoelectric, ferroelectric, superconducting and electro-optic 
properties (Ichinose, 1988). Functions and applications of 
ceramic substances for electronic materials are listed in Table 
1. 1. 
In addition, the integration of semiconductor technology and 
electronic ceramics thin films fabrication opens a new range of 
electronic devices (Sayer and Sreenivas, 1990) . The hot issues 
in electronic ceramics thin films are: high critical temperature 
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1 
ferroelectric ceramics e.g. Pb(2r, Ti)〇3 (PZT). The epitaxial 
growth of superconducting YBCO films and ferroelectric PZT films 
will be focused in this thesis, 
2 
Table 1.1 Functions and applications of electronic ceramic . . 
materials 
Funct-ion Material Main applications 
Insulating S i C， BN, A1N Insulator 
Electro-optic (Pb, La) (Zr， T i E l e c t r o - o p t i c element 
Heat conduction SiC, LaCrO^ Furnace 
Superconducting YBa 2Cu 3〇 7_ x Magnetic floating 
、 Conducting wire 
SQUID 
Microwave element 
Dielectric BaTiO ’ SrTi〇3 Condenser 
Piezoelectric Pb(Zr, Ti)0 3 Oscillator 
Supersonic buffer 
Surface wave element 
Pyroelectric Pb(Zr, Ti)〇3 Infrared sensor 
Ferroelectric Pb(Zr, Ti)〇3 RAM 
3 
1. 2 The importance of epitaxial growth of YBCO films 
Upon the discovery of the high T superconductors by Bednorz 
and Muller (1986), there has been a rapid growth of research 
activities in the area of ceramic superconductors. In 1987, Chu 
et al. and Wu et al. reported a YBCO system which has a T。 higher 
than 77K, the boiling point of the liquid nitrogen. This 
discovery greatly" promulgated the research on high T 
- c 
superconductor since liquid nitrogen is much cheaper than liquid 
helium as coolant. Thus YBCO system has promising applications in 
electrical as well as electronic devices. However, one of the 
major factors that limit the use of YBCO superconductor is the 
low critical current density (Table 1.2) which is primarily due 
to the weak-link behavior of grain boundaries (Murphy et al., 
1988; Hylton et al. , 1988; Ekin et ai.， 1987). It is difficult to 
produce sintered material with critical current densities greater 
3 2 
than 10 A/cm . Moreover, the weak links cause the critical 
current density to drop sharply when magnetic fields are applied. 
The microstructure features that create weak links at grain 
boundaries include large misorientations between adjacent YBCO 
crystals, insulating impurity phases, cracks, and microscopic 
stoichiometry variations. Epitaxial growth has been used to 
minimize grain boundary defects as will be discussed in chapter 
6 2 
two. High critical current density ( 10 A/cm at 77K) can be 
achieved in high quality epitaxial thin film samples (Oh et al., 
1987; Shin et al. , 1 9 9 0 ) . 
4 
Table 1.2 Some typical j。values of YBCO at 77K without magnetic 
field. 
2 
YBCO sample j c (A/cm ) 
3 
As-sintered bulk sample < 10 
4 
Melt-texture frown bulk sample 10 
Epitaxial film > 10 
5 
Table 1.2 Some typical j c values of YBCO at 77K without magnetic 
field. 
2 
YBCO sample j (A/cm ) 
c 
3 
As-sintered bulk sample < 10 
4 
Melt-tejcture frown bulk sample 10 
Epitaxial film > 1 0 
5 
Despite the fact that the best superconducting properties are 
observed in c-axis oriented YBCO films in which the current 
carrying copper oxide layers (a-b plane) lie in the plane of 
substrates, there are compelling reasons to grow films in 
different orientations. One reason is that : the YBCO system is 
anisotropic. The transport properties measured along the a-axis 
are very different from those along the c-axis. So the a-axis 
film that is, film in which the current carrying copper oxide 
• ” planes are normal to the substrate, provides a handy condition to 
investigate the anisotropy of YBCO. The detailed study on the 
anisotropy is one of the keys to understand the pairing mechanism 
of Cooper pairs. Besides, normal spatial extension of a 
superconducting surface of an a-axis film, or coherence length 
along a-axis for short, is 1.5nm which is much longer than the 
coherence length lying along c axis (0.2nm) (Fig.1.1). So a-axis 
o r i e n t e d f i l m s a l l o w the m a x i m u m v e r t i c a l c o u p l i n g of 
superconducting surfaces and the strongest critical current 
flowing perpendicularly to the films. This orientation is a 
prerequisite for vertical device structures such as Josephson 
junctions which are typically sandwich tunnel junctions made from 
superconducting-insulator-superconducting� 〔SIS) trilayers. The 
application of the YBCO devices is under a rapid development 
(Simon, 1991). It was only five years after the discovery of high 
t e m p e r a t u r e s u p e r c o n d u c t o r s that a variety of u s e f u l thin film 
devices are fabricated, viz infrared sensors, microwave devices, 
superconducting quantum interference device (SQUID), 
magnetometers, and J o s e p h s o n integrated circuits. It is sure 
6 
that the exploding research activities on high T。 superconductors 
will be carried on to the 21st century. 
7 
normal state 
7 . . . . . . i — 
extention of superconducting state 
l = 1.5nm 
normal state W 
… … … … _ — • „ 
I = 0.2nm w 
c-axis YBCO film a-axis YBCO film 
Fig. 1.1 Different spatial extension of superconducting 
surface for a-axis and c-axis films. 
Coherence length is labelled as 1. 
8 
1.3 The importance of epitaxial growth of PZT films 
The family of lead-based ceramics such as PbTiO , PZT, and 
(Pb’La)(Zr，Ti)〇3 (PLZT), are significant for applications because 
of their high permittivity, ferroelectricity, large electro-optic 
and piezoelectric effects (Xu, 1991). Furthermore, following the 
rapid development of computer science, the use of PZT for computer 
memories has been investigated for 15 years (Nakagawa et al., 
1979). However, unlike his cousins ferromagnetic films, 
ferroelectric films have not found their way into the multibillion 
USS' s computer memory market. One reason was that earlier 
researchers used bulk crystals or thick films (thickness > few 
micrometers) which require large applied voltages ( a few hundred 
volts) to reverse the polarization. Such a high voltage was not 
compatible with the integrated circuits (IC), which use typically 
5V. Now this barrier has been overcome. It is now practicable to 
fabricate ferroelectric thin film memories onto standard 
semiconductor IC with 5V standard silicon transistor-transistor 
logic (TTL), high speed (30ns for single read/write operation), 
very high density (4/im for a cell), complete nonvolatility 
(retention of memory when power is out) and extreme radiation 
11 
hardness ——retention of memory when subjected to up to 10 rad 
cm^s"" 1 (Scott et al. , 1988; Scott and Paz de Araujo, 1989). 
Another reason of the slow development of ferroelectric films was 
that the films were generally polycrystalline which lead to aging, 
fatigue, time dependent decay of the polarization and leakage 
current (Scott and Paz de A r a u j o , 1989). High quality epitaxial 
thin film with its polar axis perpendicular to the substrate 
9 
surface are therefore essential to prepare the final marketable 
PZT ferroelectric random access memory (FRAM) devices. 
1 • 4 The similar structures of YBCO and PZT 
In addition to the wide applications of YBCO and PZT 
epitaxial thin films, another motivation of studying them as a 
group is their similar crystal structure the perovskite type 
* which was named after the Russian mineralogist, Perosky. These 
oxide ceramics have the general chemical formula ABO^ of which the 
structure is shown in Fig. 1.2. PZT is a solid solution of PbTiO 
3 
and PbZrO^ while YBCO system is equivalent to an ordered 
arrangement of YCuO_ and BaCu0 o with some oxygen deficiency. As 
will be discussed in chapter two, crystal structure is one of the 
main factors affects the epitaxial growth. Therefore, it is 
beneficial and handy to study epitaxial growths of two 
structurally alike systems which may own similar conditions and 
methods, in fabrications. Besides, it may also raise the 
possibility of a new range of novel circuits and sensors. In fact 
epitaxial heterostructure of these two systems and some of its 
applications have been reported (Ramesh, 1991). 
10 
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A l t h o u g h epitaxy has been extensively studied for only 40 
y e a r s , the subject had its origin about 200 years a g o . It is well 
known to mineralogists that two different crystal species 
s o m e t i m e s , grow together with some definite orientation 
r e l a t i o n s h i p , as revealed b y their external forms. In 1836, 
Frankenheim demonstrated the parallel oriented growth of sodium 
nitrate on c a l c i t e . This is the first recorded successful attempt 
in e p i t a x y . 
It was not until the discovery of X - r a y diffraction from 
which crystal structure can be analyzed accurately, that in 1928' 
Royer carried out an extensive and systematic study of wide 
v a r i e t y of overgrowths. It was Royer who introduced the term 
e p i t a x y . Nowadays epitaxy has become a major technique for the 
production of various types of devices. The word epitaxy comes 
from the Greek 、epi' and 、taxis'• The former means outer, on, or 
attached to while the latter means arrangement or o r d e r . Thus, 
epitaxy is the growth of a thin crystalline layer on a single 
crystalline substrate where the atoms in the layer have a certain 
arrangement with respect to the substrate crystal. 
U s u a l l y , crystal is grown by controlled solidification from 
molten m a t e r i a l . However, for epitaxial growth, the substrate 
12 
t e m p e r a t u r e can be m u c h lower than the m e l t i n g p o i n t . The low 
t e m p e r a t u r e of e p i t a x i a l g r o w t h has the f o l l o w i n g advantages 
( S t r i n g f e l l o w , 1982)： 
a) • A t l o w e r g r o w t h t e m p e r a t u r e , the p e r f e c t i o n and p u r i t y of the 
layer are i n h e r e n t l y h i g h e r . This is due to the fact that 
t h e d i s o r d e r or e n t r o p y , b e c o m e s m o r e and more important as 
t e m p e r a t u r e b e c o m e s h i g h e r and h i g h e r . 
b) • T h e b u l k c r y s t a l m a y h a v e a v e r y h i g h m e l t i n g p o i n t and/or a 
low d i s s o c i a t e t e m p e r a t u r e . E p i t a x i a l g r o w t h m a y reduce or 
e l i m i n a t e such p r o b l e m s . 
c) . T h e low t e m p e r a t u r e of g r o w t h also avoids the u n d e s i r a b l e 
c h e m i c a l reactions w h i c h m a y occur at h i g h t e m p e r a t u r e s . 
d) • U n d e r the interaction of the s u b s t r a t e surface with the 
f i l m , n o v e l or m e t a s t a b e m a t e r i a l m a y b e f a b r i c a t e d . 
In s u m m a r y , epitaxial g r o w t h p r o v i d e s b e t t e r control of 
p u r i t y and d o p i n g which is v e r y c r u c i a l in device f a b r i c a t i o n s . 
B e s i d e s , it m a y provide a w a y to d i s c o v e r n o v e l m a t e r i a l s which 
m a y h a v e a p p l i c a t i o n s in our d a i l y l i f e . 
2.2 B a s i c p r i n c i p l e 
E p i t a x y is a c o n t r o l l e d p h a s e t r a n s i t i o n which leads to a 
w e l l - o r d e r e d crystalline o v e r l a y e r . It is not an e q u i l i b r i u m but a 
d y n a m i c a l p r o c e s s . A n o n - e q u i l i b r i u m situation is created to drive 
the p r o d u c t i o n of the d e s i r e d the crystalline f i l m . For 
s i m p l i c i t y let's consider the following process： 
A < > B 
(vapor) (epitaxial film) 
13 
In e q u i l i b r i u m , 
M a + RT In a A = M b + RT In a B , 
where a is the activity while /i is the chemical p o t e n t i a l of pure 
s t a t e . W h e n the system is not at equilibrium, the thermodynamic 
driving force is 
"B + R T l n aB* — "A 為 RT ln C 
= R T in ( a A a B V a A * a B ) . 
In an actual p r o c e s s , it is more complicated. Other than 
thermodynamical considerations, the growth rate is also limited by 
mass transport and surface reaction rate e t c . 
The formation of epitaxial thin film is shown in Fig.2.1. 
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Fig. 2.1 Formation of thin film. 
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a ) • A b s o r p t i o n stage 
A ^ 1 0 1 6 S r r i V e S a t t h e substrate and then moves around and hops 
to other s i t e s . The probability of hopping is controlled by the 
B ° l t Z m a n n f a C t 0 r ‘ e x P ( - E / k T ) , ^ e r e T is the temperature of the 
substrate and E is the energy of the particle . The energy E is 
the k i n e t i c energy of the particle plus the binding energy between 
the substrate and the particle, If the binding energy is smaller 
than the kinetic energy, the particle will most likely 
r e - e v a p o r a t e . Usually the binding energy is determined by the 
chemistry of the surface and the p a r t i c l e . In our experiment, the 
substrate u s e d are mainly metal oxides which include MqO A1 〇 
2 3' 
spinel and S r T i 0 3 . They will be discussed in detail in the 
following sections of the thesis. In short, in metal oxides, most 
cations are surrounded by huge oxygen ions and well screened from 
other c a t i o n s . The most common surface defect observed on oxides 
a r e the r e m o v a l of oxygen atoms from the surface. Such defect 
leads to the reduction of effective screening of the cations. 
Since o x y g e n vacancy is a common defect, oxygen absorption is the 
main process of repairing the damaged surface (Henrich, 1985) • 
b)• N u c l e a t i o n 
After a certain time, the particle either evaporates from the 
substrate or joins other particles, forming a larger nucleus ( a 
group of particles) • This is the nucleation stage. During the 
nucleation, a certain potential barrier has to be overcome. The 
shape of the potential barrier is shown in Fig.2.2. Physically, it 
is the surface energy of the nucleus that forms this b a r r i e r . The 
i t 
rate of n u c l e a t i o n is 
R = R Q E X P ( -AG / KT) 
* * * 
where AG = 1/2 (2tt r -y) ; r is the critical radius of the 
nucleus and y is the surface energy. For a small nucleus (r < r*), 
the reduction in volume energy is smaller than the increase of 
surface e n e r g y , thus dG/dr > 0. The nucleus is unstable. As 
illustrated b y the experiments of Volmer and Esterman (1921), 
nucleation would be difficult to occur on a large smooth Hg 
s u r f a c e . Thus seeds of nucleation are n e e d e d . Fortunately, 
several sources of nucleation seeds u s u a l l y exist (Stringfellow, 
1982 )： 
i) • Surfaces are smooth at low temperature. However, when the 
substrate temperature reaches a certain value, the surface 
becomes rough. Such a temperature is similar to the phase 
transition temperature of a two dimensional Ising model. 
(Jasnow, 1984). Thermal roughening as a source of seeds 
plays an important role in the nucleation of the film. 
ii). Frank (1949) suggested that a screw dislocation in the 
growing film produces endless steps which will become the 
nucleation centers as shown in Fig. 2 . 3 . 
iii) . Sometimes substrate is purposely cut from the low index 
plane b y a few degrees to generate more nucleation centers. 
iv) • Some low index surfaces of certain material are rough in 
n a t u r e . For example, in a diamond cubic lattice a carbon atom 




Radius of nucleus (r) 
Fig. 2.2 The shape of potential barrier. 
AG is the excess free energy. 
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隱 
Fig. 2.3 A screw dislocation. 
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d a n g l i n g bonds on the surface. So they are n a t u r a l l y rough. 
The (111) surface is closed packed and an atom has only a 
single dangling bond while it is on the surface. Steps may 
only b e needed for film growth on diamond (111) surface. 
A f t e r all, 2D nucleation seeds produced b y screw 
d i s l o c a t i o n s , thermal roughening, odd cut or dangling bonds will 
facilitate film g r o w t h . 
c ) . Islands formation and merging 
After t h e . nucleation stage, there comes the island formation 
s t a g e . The islands, containing hundreds of atoms, grow in size 
and finally merge into a continuous film. If the substrate is a 
single c r y s t a l , the island orientations and structures may be 
determined b y the substrate surface structure. In this case an 
epitaxial film is obtained. If the mobility of atoms are high, 
there will be a great opportunity of finding atoms sitting 
orderly in the low energy states and lead to an epitaxial 
structure. M o b i l i t y is enhanced b y increasing the substrate 
t e m p e r a t u r e . Hence, on single crystal substrates, there exists a 
temperature, called the epitaxial temperature, above which 
epitaxial films will g r o w . It was in 1936 that Bruck demonstrated 
this p h e n o m a n o n . His experimental results shows that the 
orientation of the metal (e.g. Ag) film on rock salt depends on 
the substrate temperature. Bruck is the first man who introduced 
the term ^epitaxial temperature' . Above this temperature, good 
epitaxy is obtained, whereas below it the epitaxy is p o o r . 
A l t h o u g h m a n y people have observed the existence of epitaxial 
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t e m p e r a t u r e , there i& considerable disagreement between the 
values of epitaxial temperature that are observed. It seems clear 
that other deposition variables influence the value of epitaxial 
temperature a lot. For example, other than high mobility, a 
particle also takes time to find an energetically favorable 
lattice p o s i t i o n . Therefore, epitaxial growth is also enhanced by 
low d e p o s i t i o n r a t e s . In general, the slow growth rate lowers 
the e p i t a x i a l temperature. Other factors also affect the 
structural growth of the film. It was first demonstrated by 
Shirai (1539) that preheating of the substrate can lead to a 
lowering of the epitaxial temperature. Electron bombardment 
(D.J.Stirland, 1966) and ion bombardment on the substrate 
(K.G.Wehner, 1962, Chapman and Campbell 1969) also reduce the 
epitaxial temperatures. 
It is also natural to think that oriented growth occurs only 
when the lattice of the film is closely similar to that of the 
s u b s t r a t e . In 1928, after an extensive study on epitaxy systems' 
Royer concluded that the lattice misfit between the substrate and 
the overgrowth could be no more than 15%. However, the idea of 
small-misfit criterion was challenged b y Lassen (1934) who 
demonstrated epitaxial growth of silver on rock salt crystals 
where the m i s f i t is -32%. Perhaps the most striking evidence was 
obtained b y Schulz (1951, 1952) who showed that the misfits cover 
a range from -39% (LiF on KBr) to 90% (Csl on LiF) (Pashley, 
1975). 
A l t h o u g h small misfit is not a prerequisite for epitaxial 
growth, it is a main factor that affects the quality of the film. 
2 1 
When a film grows epitaxially on a substrate with a different 
lattice c o n s t a n t , the lattice mismatch is generally accommodated 
b y a combination of coherency strain and misfit dislocations 
(Fig.2.4). Coherency strain is the deformation of film such that 
the film has the same lattice parameter with the substrate. The 
nature of dislocations depends on m a n y factors including the 
lattice m i s m a t c h , the growth temperature, the difference in 
thermal expansion coefficients between substrate and layer 
m a t e r i a l s , and their relative mechanical strengths. Usually 
dislocations lower the quality of epitaxial films. Therefore, 
it is d e s i r a b l e that the film can accommodate to the substrate by 
coherency strain only. Such lattice-misfit-induced strain causes 
interesting new behavior. For example, strain can influence the 
electronic band structure (Osbourn, 1985) and may convert an 
indirect b a n d gap material to a direct band gap one in 
superlattice systems. Above all, epitaxial growth provides us a 
powerful tool for device and novel material fabrications. 
Fig.2.5 summarizes the factors that influence the epitaxial 
growth of films . 
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dislocation 




Fig. 2.4 Semi-coherent interface of film and substrate 
with lattice spacings a f and a g respectively,• 
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Fig. 2.5 Factors that affect the epitaxial growth. 
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Chapter 3 
Sample Preparation Techniques 
3•1 A g l i m p s e at epitaxial film deposition 
As there are m a n y methods of preparing epitaxial films, it 
will be d i f f i c u l t if not impossible to exhaust all of them. 
T e c h n i q u e s of epitaxial film deposition can be classified into two 
categories： 
a) C h e m i c a l deposition 
The p r i n c i p l e of chemical method for preparing epitaxial film is 
to let r e a c t a n t gases or liquids into a reactor, in which chemical 
reactions take p l a c e . The reactants are then decomposed by 
h e a t i n g to a certain temperature for a certain d u r a t i o n . Films 
are then d e p o s i t e d on surfaces of the s u b s t r a t e s . 
b) Physical deposition 
The p r i n c i p l e of physical method is simple. In physical vapor 
d e p o s i t i o n (PVD) materials are vaporized b y h e a t i n g , or/and 
p a r t i c l e b o m b a r d m e n t . The condensation of the vapor onto a cooler 
substrate y i e l d s thin films. For liquid phase epitaxy (LPE), a 
cool substrate (temperature below the melting point) passes 
through a supersaturation liquid. A solid layer will precipitate 
on the s u b s t r a t e . 
G e n e r a l l y speaking, the conventional techniques are 
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e v a p o r a t i o n , sputtering, and chemical vapor deposition (CVD)• 
R e c e n t l y , ion-beam technique, pulsed laser ablation, molecular 
b e a m e p i t a x y (MBE) and metal-organic chemical vapor deposition 
(M〇CVD) a p p e a r to be fast-developing epitaxial film deposition 
methods• 
Table 3.1 summarizes the advantages and disadvantages of some 
m a i n d e p o s i t i o n techniques. In our sample preparations, the 
techniques are magnetron sputtering and pulsed laser ablation. 
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Table 3. 1 Comparison of deposition techniques 
Deposition “ "| “ 
technique Advantage Disadvantage 
Physical Resistance simple setup for materials with 
deposi- heating low melting points 
tion evaporation 
Electron beam high purity oxides are difficult 
evaporation to evaporate 
Sputtering applicable to contamination by-
materials with sputtering 
high melting gases 
points 
Liquid phase simple difficult to 
epitaxy control morphology 




beam epitaxy abrupt interfaces expensive 
Pulse laser easy control of particles on 
ablation stoichiometry, film surface 
good for oxides 
Chemical Electro- large area of contamination 
deposi- deposition uniform thickness problems 
tion ““ 
Chemical device quality high substrate 
vapor films temperature 
deposition needed 
Sol-gel large area of contamination 
uniform thickness problems 
Metal-organic abrupt interfaces Hazardous 
chemical vapor precursors 
deposition 
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3 . 2 . M a g n e t r o n sputtering 
3 . 2 . 1 P r i n c i p l e and set-ups 
W h e n a solid surface is b o m b a r d e d with energetic p a r t i c l e s , 
the s u r f a c e is e r o d e d . This p h e n o m e n o n is called sputtering". 
S p u t t e r i n g was first d i s c o v e r e d b y Grove (1852) m o r e than 130 
y e a r s a g o . A t that t i m e , sputtering was regarded as having a 
d a m a g i n g e f f e c t which destroys the cathode in a gas discharge 
t u b e . T o d a y sputtering is w i d e l y u s e d in surface cleaning, 
e t c h i n g , t h i n film d e p o s i t i o n and surface analysis (Vossen and 
K e r n , 1978； C h a p m a n , 1980). 
G l o w d i s c h a r g e , formed b y a h i g h voltage across two 
e l e c t r o d e s in a g a s , provides an inexpensive and simple ion source 
for s p u t t e r i n g . U s u a l l y , m a g n e t i c field is coupled to the gun in 
order to lower the b r e a k d o w n v o l t a g e in glow discharge and 
increase the ionization e f f i c i e n c y of electrons in the discharge. 
A l s o , m a g n e t i c field is added in such a w a y that it can trap the 
e l e c t r o n s n e a r the cathode surface (target to be sputtered)• 
T h e s e t r a p p e d electrons ionize the sputtering gas near the target 
s u r f a c e . S i n c e the target is n e g a t i v e l y b i a s e d , gas ions are 
a c c e l e r a t e d towards the t a r g e t . The impact of these ions sputters 
m a t e r i a l from the t a r g e t . The v a p o r e d target material then 
c o n d e n s e s o n the substrate. This is the principle of magnetron 
s p u t t e r i n g deposition (Fig.3.1). Due to the high ionization 
e f f i c i e n c y of this p r o c e s s , lower gas pressure (less gas) can be 
u s e d , w h i c h results in higher deposition rates and lower gas 
c o n t a m i n a t i o n . 
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Fig. 3.1 Typical planer magnetron sputtering. 
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3. 2. 2 Set-ups 
The magnetron sputtering deposition system was mainly set up 
by Mr. Sou Ka Hou whose thesis details all the techniques (Sou, 
1992). In brief, the vacuum system as shown in Fig. 3.2, has two 
stainless steel six-way crosses (CI and C2) which are used as 
deposition chambers. The chambers can be pumped down to 10 ^ 
Torr. The specifications are tabulated in Table 3.2. The gas 
flow, gas pressure, substrate temperature and power can be 
controlled by an IBM PC/AT compatible microcomputer through two 
AD/DA cards and RS232 connections. We have used different types 
of planar magnetron guns. 
(1) low-profile US, gun for low pressure sputtering (2-50mTorr) 
and 2" target (i.e. diameter = 2 inches); 
(2) high pressure sputter gun (7mTorr to 2 Torr) and 2" target 
(Ling and Wong, 1992); 
(3) movable sputter gun for adjusting target-substrate distance; 
(4) facing target sputtering gun for sputtering magnetic material 
and enhancing the deposition rates (Zeng and Wong, to be 
pub1ished)； and 
(5) sputter gun with 1" target for small targets. 



















































































































































































































































































































































Table 3.2 Some specifications of the system 
Component Make and Model Specification 
Chamber CI, C2 Hungtington 6" flanges with 
(VF-6400) 4" tube diameter 
Chamber C3 Varian same as above 
Cold trap Home-made 
Valves VI, V2 Home-made butterfly valve 
Valve V3 • Edwards butterfly valve 
Diffusion pump Edwards pumping speed=280 1/s 
(Diffstak 100-300M) 
Roughing and backing Edwards (E2M5) pumping speed 
pump = 1.6 1/s 
— 
Baratron gauge MKSC220CA) 10 — 1 Torr 
Penning gauge Edwards (CP25K) 10一 一 1 0 ~ Torr 
12 
Pirani gauge Edwards (PR10K) 10 ——760 Torr 
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3.2.3 High pressure magnetron sputter gun (Ling and Wong, 1992) 
Introduction 
Recently magnetron sputtering at high pressures has 
emerged as a promising technique for use in preparation of 
novel materials such as high thin films and nanocrystalline 
clusters. For the preparation of the high T thin films, a 
c 
* special off-axis deposition configuration (Fig.3.3) is often 
employed in order to avoid high energy oxygen bombardment 
(also known as the resputtering effect) (Lee et al.,1988; 
Sandstrom et a』.，1988) The bombardment can be minimized by using 
a very high sputtering gas pressure (about 0.6 Torr or higher) 
(Li et ai.,1988). It is expected that high pressure also results 
in uniform coating over large area. Poppe et al. (1988) obtained 
2 
uniform YBCO films on 10x10 mm substrates using gas pressure of 
2-3 Torr. In order to achieve this pressure, their DC sputter gun 
had to be operated without a magnet. 
Nanocrystalline materials (l-50nm in size) that are now under 
intensive investigation for studying epitaxial growth, 
catalysis and cluster physics are usually prepared by a technique 
involving condensation of vapor in an inert gas (Andres et 
al.,1989). Sputter gun is a convenient vapor source as it is 
especially useful for synthesizing refractory materials, 
compounds, or nanoscale phase-separated materials (Hahn and 
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Fig. 3.3 (a) on axis deposition. 
(b) off axis deposition. 
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A v e r b a C k ' 1 9 9 0 ' - C h〇 w al.,1990). Cluster size and chemical 
c o m p o s i t i o n can be tailored b y adjusting the sputtering 
p a r a m e t e r s . The pressure range required for this particle 
formation is quite large (1-10 Torr)„ Simple diode sputter gun 
could be u s e d in this pressure range but the deposition 
rate is too low to be practical (Hahn and A v e r b a c k , 1990). 
C o n v e n t i o n a l magnetron sputter guns are designed to 
operate at pressure between 2 to 50 mTorr (US' gun manual) • Eom 
et a l . (1985) reported that their US' gun (a commercial magnetron 
gun) was m o d i f i e d to function at pressure ranging from 0.05 to 0.1 
T o r r . Hahn and Averback (1990) used a Torus 5M gun (also a 
commercial magnetron gun) for high pressure operation (up to 1.5 
Torr) . H o w e v e r no details of the modifications have been given. 
In this section we describe how a commercial sputter gun can be 
m o d i f i e d permitting operation in argon or oxygen gas at pressures 
up to 2 T o r r . 
Experimental details 
Our experiment was done with a computer-control led 
sputtering system equipped with two 2" low profile US' guns. 
For s i m p l i c i t y , we used a copper target and argon gas in 
this e x p e r i m e n t . Three configurations as illustrated in Figure 
3.4 have b e e n tested. Initially we attempted to operate the US' 
g u n (Fig.3.4 (a) ) at high argon gas pressure. When the 
pressure was increased to higher than about 0.2 Torr, an 
electrical breakdown near the ground shield (marked as H in 
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Fig 3 4 The three gun configurations for this 
“令 experiment: (a) the unmodified gun, (b) gun 
with the ground shield (G) removed, and (c) 
the modified gun with a central anode (A). T 
and F represent the target and the mounting 
flange respectively, N and S the poles of 
the permanent magnets. ^ Substrates may be 
mounted anywhere around these guns. 
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Fig.3.4(a)) was observed, in addition to the normal magnetron 
discharge. To accurately determine the critical breakdown 
pressure, we measured the current collected by the ground 
shield as a function of the gas pressure. The result is shown in 
Fig.3.5. It was found that only a small amount of plasma 
current was collected by the ground shield (the anode). This 
explains why the resputtering effect is absent in the off-axis 
deposition configuration for the deposition of the high T c films. 
It is also consistent with the charge flow pattern discussed by 
Onishi et al. (1981) and Sandstrom et al. (1988). The rise of the 
collected current at 0.23 Torr signifies the onset of the 
breakdown at the ground shield. To understand why such discharge 
occurred, we measured the magnetic field distribution around 
the gun in air. As the field was quite strong, the field was 
mapped by the following procedure. A small amount of glue or 
hair spray was first put on a plastic sheet. With some fine iron 
powder evenly spreaded over the glue, the plastic sheet was 
placed near the gun magnet with the gun axis parallel to the 
plastic sheet. As soon as the field pattern was getting shape, 
the plastic sheet was immediately taken away from the gun. 
The glue was then allowed to set in a short while. Figure 3.6 
illustrates the field pattern obtained this way. Computer 
simulation also gives similar results (Goree and Sheridan, 1991). 
It is seen that the field leaking out to the outer area of the gun 
is not negligible. Because of this field, an electrical 
breakdown between the ground shield and the metallic target clamp 
could occur at lower pressure than what is expected when there is 
37 
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unmodified gun. 
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no magnetic field. To estimate the breakdown pressure without a 
magnetic field, two parallel plate electrodes of 1.6mm separation 
are considered. Using the data in the book of J. M. Meek and J. 
D. Craggs, Electrical breakdown of Gases (Oxford University, 
Oxford, 1953), one can deduce that breakdown in argon and oxygen 
across the electrodes can occur only when the voltage is higher 
than 265V and 440V, respectively. The gas pressure at the minimum 
breakdown voltage is 9.4 Torr for Ar and 2.7 Torr for oxygen. It 
indicates that without a magnetic field, no discharge should occur 
across the ground shield gap because our gun was operated at a 
voltage less than 240V as shown in Fig. 3.5(b). 
We then took away the ground shield as illustrated in Figure 
3.4(b). As expected, this configuration required high pressures 
(> 10 mTorr) to ignite the magnetron discharge. Low pressure 
operation could still be achieved by first operating the gun at 
high pressure and subsequently reducing the gas pressure. The 
magnetron discharge characteristics of this configuration was 
quite similar to the unmodified magnetron gun operation. 
The third configuration (Fig.3.4(c)) has a stainless-steel 
anode (with diameter of 2cm) hung close to the target center 
where the magnetic field is normal to the target surface 
(Onishi,1981). This gun could be operated in both low and high 
pressure (up to 2 Torr). The discharge current collected by the 
central anode is shown in Fig.3.5. It is interesting to note 
that the anode could collect a significant amount of discharge 
current which might help illuminate the resputtering effect in 
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the d e p o s i t i o n of o x i d e s . Putting positive bias at the anode can 
result in b e t t e r collection of the secondary electrons in the 
p l a s m a . The drop in the collected current in the high 
p r e s s u r e range is expected because of the smaller electron mean 
free p a t h . This central anode does not seem to be a source of 
c o n t a m i n a t i o n in the film growth as it was covered with a copper 
film after the experiment. Even if such a problem exists, 
one can u s e the same target material as the anode. At 
pressure h i g h e r than 2 Torr, electrical breakdown occurred in the 
small gap _ (about 1/16" in separation) between the mounting 
flange and the cathode. We also tested the gun with pure 
oxygen and a similar performance was shown. 
Conclusion 
In conclusion, a commercial US' planar magnetron gun 
has b e e n modified to incorporate a central anode just above 
the t a r g e t . This anode collects most of the plasma 
c u r r e n t . The modified gun can be operated in argon or oxygen at 
gas p r e s s u r e ranging from 7 mTorr to 2 Torr with discharge 
characteristics similar to the conventional planar magnetron gun 
operated at low pressures. Higher pressure operation may be 
possible b y decreasing the gap between the mounting flange and the 
c a t h o d e . We have used this modified gun to deposit YBCO films. 
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3 - 2 ' 4 ^TyPe II unbalanced magnetron gun modification 
Introduction 
It is g e n e r a l l y k n o w n that in some cases ion b o m b a r d m e n t 
d u r i n g the g r o w t h of films can intensively affect the process of 
the film g r o w t h . The effects include reduction of the epitaxial 
t e m p e r a t u r e (Stirland, 1966), change in c o m p o s i t i o n , 
c r y s t a l l i n i t y , m o r p h o l o g y (Thornton, 1986) and film stress 
(Muller, 1987) • These changes are u s u a l l y a t t r i b u t e d to 
r e s p u t t e r i n g of the condensing species or to increasing the adatom 
m o b i l i t y on the surface of the growing f i l m . Ion b e a m assistance 
(Marinor, 1977； G r e e n e , 1983) has p r o v e d v a l u a b l e in hard 
p r o t e c t i v e coatings (Weissmantel, 1979) . Conventional magnetron 
s p u t t e r i n g o n l y gives low ion bombardment e f f e c t . High ion 
b o m b a r d m e n t effect can be achieved b y using type II unbalanced 
m a g n e t r o n g u n s (Window and S a w i d e s , 1986； H o w s o n , J' af er and 
S p e n c e r , 1990) . Under suitable condition, the ion b o m b a r d m e n t can 
also be r e d u c e d to m i n i m u m with a type 工工 magnetron gun ( S a w i c l e s 
and K a t s a r o s , 1 9 9 3 ) . 
In a type II magnet system, the far field of the magnet 
a s s e m b l y is d o m i n a t e d b y the outer magnet r i n g . The m a g n e t i c flux 
from the r i n g magnet o n l y has a small portion joining the central 
m a g n e t p o l e . A relatively large portion of the flux is diverted 
a w a y from the cathode t a r g e t . Electrons trapped in the planar 
m a g n e t r o n field can be scattered into this stray field and be 
d i r e c t e d t o w a r d s the substrate through the "chimney" along the 
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c e n t r a l axis of this d e v i c e . 
A l t h o u g h the type II magnetron sputtering is v e r y useful, 
the systems reported in the literature are usually not flexible. 
The systems reported are either fixed inside the vacuum c h a f e r 
and cannot be tuned from outside continuously, or an external 
C U r r e n t coil is needed. The type II unbalanced magnetron gun 
r e p o r t e d here is a modified US gun with a continuously variable 
u n b a l a n c e m a g n e t system, the ion flux of which can be tuned 
without u s i n g any coil. M o r e o v e r , the modified unbalanced gun also 
changes the shape and position of erosion track of the target. In 
m a g n e t r o n sputtering, the erosion track is determined by the 
p o s i t i o n s of the maximum values of the cross product of electric 
field E and magnetic field t (f x , As the magnetic field is 
v a r i e d , the erosion track varies according to the positions and 
range of m a x i m u m values of the cross product (E x B^ ) . It is 
suggested that a current coil added to a conventional magnetron 
gun can change the magnetic field near the target surface and this 
leads to the change of the spatial position of the intense plasma. 
Hata et al. , (1986) and Koinuma et al., (1988) employed this 
technique to fabricate multilayer films. Besides, a larger 
p o r t i o n of a disc target can be used. In a conventional magnetron 
gun m u c h area of the target is wasted. Yamazaki et al. , (1990) 
suggested that the width of the erosion ring could be varied by 
changing the distribution of magnetic field through adjusting the 
current of an externalcoil. Similarly, using our modified 
u n b a l a n c e d gun the width of the erosion track can be changed by 
tuning the level of central magnet without using any coil. 
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Experimental details 
° U r 6 X p e r i m e n t W a s with the computer-controlled 
s p u t t e r i n g system equipped with a low-profile U S ' gun which 
a c c o m m o d a t e d a disk target of 5cm diameter described in 3.2.2, 
The setup of the magnetic system is shown in Fig. 3.7. The 
c e n t r a l d i s c magnet was attached to a movable iron rod such that 
the p o s i t i o n of the central magnet can be continuously adjusted 
o u t s i d e the v a c u u m c h a m b e r . As the more the central magnetic 
m o v e s d o w n , the more unbalance the magnetic system is. The 
m a g n e t i c fields patternswith two different positions of central 
m a g n e t were calculated and confirmed b y iron powder technique 
w h i c h was d e s c r i b e d in a previous article (Ling and W o n g , 1992). 
Figure 3.8 illustrates the field p a t t e r n s . Figure 3.9 shows the 
z - c o m p o n e n t of the magnetic field measured b y a Hall probe at a 
d i s t a n c e of 4.5 cm right above the target on the central axis. It 
is seen that the magnetic field increases as the central magnet 
m o v e s d o w n w a r d s . Calculation confirms the above r e s u l t s . The aim 
of the e x p e r i m e n t s was two folds： to determine the ion flux effect 
on a s u b s t r a t e with a tunable unbalanced magnetron gun and to find 
out how the erosion track on the target changes when the central 
m a g n e t m o v e s . 
i) . The substrate effect ：' 
A simple Langmuir probe was used to determine the ion flux 
effect on a substrate. The magnetron was operated at 200mA with a 
copper t a r g e t , lOmTorr argon pressure and the probe 4 5mm from the 
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the movable central magnet. 
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the center of a thin target. 
47 
t a r g e t . A t y p i c a l V - l characteristics of the probe is shown in 
F i g . 3 . 1 0 . T h r e e regions are o b s e r v e d . At negative voltage, 
p o s i t i v e ions are m a i n l y c o l l e c t e d . It is called the positive ion 
saturated r e g i o n . At high positive voltage m a i n l y negative-
electrons are c o l l e c t e d . It is called negative electron saturated 
r e g i o n . The transition region is b e t w e e n the t w o . At a certain 
p o t e n t i a l V p (in our case, it was about 4V), the flux of ions and 
electrons r e a c h i n g the probe is m o s t l y the random drift of 
electrons and ions. The probe current was measured with a bias 
voltage w h i c h was V ^ = 4 V . During the m e a s u r e m e n t , the coating of 
copper w o u l d increase the effective area of electron collection. 
In order to eliminate this effect, a baffle was added in front of 
the p r o b e as shown in F i g . 3.11 so that the probe was isolated 
from the c o n d u c t i n g layer coated during the m e a s u r e m e n t . The 
probe current vs the distance of central magnet lowered is shown in 
Fig. 3 . 1 2 . The graph verified the concept of that unbalanced 
m a g n e t r o n gun gives rise to high charge flow to the substrate. 
It should be noted that the more the central magnet is 
lowered, the weaker the magnetic field that traps the electrons. 
A n d it is m o r e difficult to form the p l a s m a , so high Ar pressure 
is r e q u i r e d to maintain a stable p l a s m a . In fact, when the 
central m a g n e t is lowered b y 0.9 cm, Ar pressure of 10 mTorr 
cannot m a i n t a i n a stable p l a s m a . A pressure of 25 mTorr is 
n e e d e d . 
ii). The target effect： 
The experiment of m a p p i n g the pattern of the erosion track 
was conducted as follows： 
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probe distance : 4.5cm, 
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F° r t h e b a l a n c e d magnetron, the central magnet was lowered 
b y 1 cm w i t h a new flat copper disc. The unbalanced magnetron gun 
w a s ° p e r a t e d a t 2 5 m T〇rr, 300 m A for two h o u r s . The erosion track 
w a s c o m P a r e d with the balanced one under similar condition. The 
result is shown in Fig. 3.13. The unbalanced gun gives a wider 
erosion t r a c k and hence indicates a better utility of the target. 
C o n c l u s i o n s 
A c o m m e r c i a l planar magnetron gun has been modified to a 
tunable u n b a l a n c e d magnetron without using any coil. The 
c h a r a c t e r i s t i c of the gun was investigated under normal sputtering 
c o n d i t i o n . It is shown that it can be used as both a sputtering 
source and an ion beam gun for bombardment of the film. It is 
v e r i f i e d that such gun can have a better utility of the target and 
a larger ion effect to the substrate. Since the unbalanced gun can 
be tuned e a s i l y , deposition can be started in extreme unbalanced 
condition to clean the substrates, to promote adhesion and so on , 
then one can tune the magnet back to the original balanced 
condition for high rate of deposition. 
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b 
Fig. 3.13 Different erosion tracks. 
(a) US, gun (balanced). 
(b) Unbalanced (type II) gun. 
53 
3.3.1 Principle 
L a s e r has been used in many industrial applications such as 
c u t t i n g , d r i l l i n g , and w e l d i n g . Recently, there is a rapid 
d e v e l o p m e n t in film deposition especially ceramic thin films which 
have h i g h m e l t i n g points and complex compositions. The use of 
p u l s e d laser to evaporate material under vacuum for the deposition 
of thin films can be traced back to 1965 (Smith and Turner, 1965). 
Since t h e n , no extensive study has been made for the next two 
decades u n t i l the fabulous success of PLD in the fabrication of 
s t o i c h i o m e t r i c , high quality, epitaxial films of the complicated 
high T ^ superconductors in 1987 was reported. It also put PLD 
research and development in top gear. Nowadays, PLD is employed 
in numerous materials as w e l l . 
A l t h o u g h PLD has been proven to be a versatile method of good 
quality thin film deposition, the physics of the whole process is 
still not fully understood. Roughly speaking, the process can be 
divided into three separate stages as shown in Fig.3.14 (Kwok, 
1990) • The first stage is the laser-target interaction at the 
target s u r f a c e . Usually, a dense plasma plume is formed. In the 
second stage, the expanding plasma plume moves towards a 
s u b s t r a t e . Finally, the plasma plume hits the substrate surface 
and condenses to a film. From a user's viewpoint, the qualities of 
as-deposited film can be controlled by： 
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Fig. 3.14 PLD process. 
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1) L a s e r type： There are v a r i o u s lasers available t o d a y , but the 
p u l s e d l a s e r have b e e n selected b e c a u s e of their high 
i n s t a n t a n e o u s p o w e r . 
2) Wavelength： The a b s o r p t i o n coefficient of the target material 
is a v e r y i m p o r t a n t p a r a m e t e r in laser a b l a t i o n . The higher the absorption 
c o e f f i c i e n t , the thinner the surface that is e v a p o r a t e d . 
M o r e o v e r , the r e f l e c t i v i t y should be small in order to 
d e p o s i t the optical e n e r g y to the target m a t e r i a l more 
e f f i c i e n t l y . In Table 3.3 estimated values of absorption 
c o e f f i c i e n t and r e f l e c t i v i t y for YBCO are listed (Wu, 1990). 
B e s i d e s , laser b e a m with high enough f r e q u e n c y can penetrate 
t h r o u g h the p l a s m a and couple d i r e c t l y with the surface with 
n e g l i g i b l e p l a s m a s h i e l d i n g . This is the m a i n reason w h y short 
w a v e l e n g t h lasers (e.g.excimer lasers) are employed successfully 
in film d e p o s i t i o n while long w a v e l e n g t h lasers (e.g.CO laser) 
fail (Kwok et al.,1990). 
3) L a s e r fluence： A plasma plume is p r o d u c e d only when the laser 
f l u e n c e is above a critical value (ablation t h r e s h o l d ) . The 
p l u m e c o n d e n s e s on the substrate to form a thin f i l m . Different 
m a t e r i a l s h a v e different ablation t h r e s h o l d s . For YBCO system 
2 
the t h r e s h o l d is typically a few J/cm (ablated b y laser 入 = 
308nm)• In a d d i t i o n , laser fluence also affects the composition 
of the p l a s m a plume and hence that of the f i l m . 
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Table 3.3 Estimated values of absorption coefficient (A) and 
reflectivity (R) for Y B C O . 
Laser Wavelength A R 
-6 5 - 1 
(10 m) 10 (cm ) 
CC^ 10 0.5 0.75 
2 
N d : Y A G 1.064 1.2 0.18 
Excimer (ArF) 0.193 2.4 0.15 
57 
4 ) A m b i e n t g a s d u r i n g deposition： A m b i e n t gas such as o x y g e n is a 
m u s t in s t o i c h i o m e t r i c Y B C O and PZT films d e p o s i t i o n . The 
i n t e r a c t i o n s of the ambient gas with the laser b e a m and the 
p l a s m a p l u m e are v e r y c o m p l i c a t e d . E s s e n t i a l l y , the oxygen gas、 
e n h a n c e s o x i d e (e.g. CuO and Pb〇） formations (Eryu, Yamaoka and 
M a s u d a , 1993) and slows d o w n the m o t i o n of h e a v y ions and oxides 
and h e n c e r e d u c e s the r e s p u t t e r i n g e f f e c t . 
5 ) S u b s t r a t e and substrate temperature： The effect has been 
d i s c u s s e d in Chapter 2 . 
The first t h r e e factors are m a i n l y related to the first stage of 
PLD the l a s e r - t a r g e t i n t e r a c t i o n . The fourth factor is related 
to the s e c o n d stage the m o v i n g plasma plume and f i n a l l y the last 
factor is r e l a t e d to the film f o r m a t i o n . 
C o m p a r e d w i t h the m a g n e t r o n sputtering, PLD has m a n y promising 
characteristics： 
1. G o o d stoichiometry： U n d e r a controlled d e p o s i t i o n condition 
there is little difference in the composition b e t w e e n the 
t a r g e t m a t e r i a l and the deposited f i l m . 
2 . Low r e s p u t t e r i n g effect： Negative ion resputtering is well 
d o c u m e n t e d in s p u t t e r i n g . In the case of YBCO films, the 
effect is so severe that normal diode sputtering g e o m e t r y has 
b e e n a b a n d o n e d while in PLD resputtering effect can be 
ignored• 
3 . H i g h o x y g e n pressure： Deposition in a relatively high oxygen 
p r e s s u r e is possible b e c a u s e of the absence of h e a t i n g wires, 
d i s c h a r g e electrodes and filaments for electron e m i s s i o n . 
4 . H i g h d e p o s i t i o n rate： For example in YBCO thin films 
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p r e p a r a t i o n , the d e p o s i t i o n rate of PLD can be as high as to 
1 4 . 5 n m / s e c . while that of m a g n e t r o n sputtering can rarely 
e x c e e d I n m / s e c . 
H o w e v e r , the drawbacks of PLD are: 
1- D e b r i s and small p a r t i c u l e s are stuck on the film s u r f a c e . 
2 • U n i f o r m i t y is inferior to those fabricated b y magnetron 
s p u t t e r i n g . It is d i f f i c u l t to fabricate large area d e v i c e s . 
3 . T a r g e t d e g r a d a t i o n o c c u r s . During the PLD, the target surface 
a b s o r b s the photons e n e r g y , m e l t s and resolidifies on the 
a b l a t e d s u r f a c e . In this p r o c e s s , the ceramic target exhibits 
c o m p l e x p h a s e c h a n g e . For e x a m p l e , during the deposition of 
PZT a n d Y B C O films, the target surface experiences phase 
s e g r e g a t i o n and develops columnar structures p o i n t i n g towards 
the i n c i d e n t laser b e a m . A c c o m p a n i e d b y morphological 
c h a n g e s on the target s u r f a c e , the deposition rate also 
d e c r e a s e s (Foltyn et al. f 1990； A u , 1 9 9 2 ) . 
D e s p i t e the limitations as stated above, PLD is still the 
m o s t p r o m i s i n g deposition technique in p r e p a r i n g epitaxial ceramic 
thin films of small a r e a . In fact, as soon as the excimer PLD was 
set u p b y M r . Au in 1991, PLD became the main source of our 
s a m p l e s . M o s t of the epitaxial thin films were fabricated b y this 
s e t u p . 
3.3.2 S e t - u p 
The PLD system was set up b y M r . Au Wing S h i n g . For more 
d e t a i l s , p l e a s e refer to his thesis (Au, 1992). A schematic 
d i a g r a m of the system is shown in F i g . 3 . 1 5 . In b r i e f , a laser 
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b e a m from an ArF excimer laser (Questek Model 2320, 193nra 
w a v e l e n g t h , p u l s e width 12ns FWHM) was introduced into a vacuum 
chamber t h r o u g h a M g F 2 lens (Oriel Corporation, focal length is 
2 0cm) and focused to an area of about 1 x 4 mm on the target to 
2 
p r o d u c e fluence up to lOJ/cm . The vacuum assembly consisted of 
an x E d w a r d s Speedivac' diffusion pump backed up b y an xEdwards' 
2-stage m e c h a n i c a l pump with a liquid nitrogen cold trap.. The 
_7 
v a c u u m system could be evacuated down to 10 T o r r . A mass flow 
controller (UFC 2000) was used to control the inlet of high purity 
oxygen gas (purity >99.6%). The oxygen pressure was measured by a 
-3 
b a r a t r o n gauge (10 to 1 T o r r ) . The target holder can be rotated 
b y a step m o t o r which was controlled b y a PC. The substrate 
holder was a stainless steel cylinder with diameter of 1.5". It 
was heated b y a Kanthal wire wounded round the holder. Layers of 
nickel foil wrapping around the Kanthal wire were used to reduce 
radiation l o s s . The temperature was controlled and recorded by a 
digital temperature controller (Chino). The temperature readings 
were sent to a PC/XT via RS-232C interface. 
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F l a n g a f a r m o ^ t i n g subscrica, haAcar and 
Charmocaupia 
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Fig. 3. 15 The PLD system (after (Au, 1992)). 
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3 • 4 R a p i d thermal annealing (RTA) 
A l t h o u g h epitaxial films can be deposited on an appropriate 
substrate at substrate temperature above an epitaxial temperature 
( T
e
) ' i t : i s a l s o Possible to fabricate epitaxial films starting 
from amorphous or polycrystalline phase followed b y a rapid 
thermal a n n e a l i n g process at atemperature above T • Compared to 
c o n v e n t i o n a l furnace annealing, RTA has better control on 
s t o i c h i o m e t r y , diffusion and activation due to the v e r y short 
(5-100s) annealing time.(Singh, 1988)• 
The origins of RTA date back to the late 1960s, when 
researchers at IBM used pulsed laser annealing (Fairfield, 1968)• 
N o w a d a y s , the majority of RTA setups make use of tungsten-halogen 
lamp of w h i c h the main advantages are its isothermal heating, low 
price and easy m a i n t e n a n c e . 
The principle of RTA is based on the energy transfer between 
a radiant heat source to a sample. For an RTA furnace, because of 
the high reflectivity of the furnace wall, the furnace itself is 
N O T in thermal equilibrium with the sample. This is in contrast 
to common b a t c h reactors where convective and conductive heat flow 
d o m i n a t e . This explains the short processing time (seconds) that 
are p o s s i b l e with RTA as compared to those (minutes) for batch 
s y s t e m s . 
Temperature measurement has always been one of the key issues 
i n R T A . The two most widely used methods of temperature 
measurement for RTA are based on the use of thermocouples and 
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p y r o m e t e r s . In early R T A processors, thermocouple p l a c e d on the 
surface of a sample was employed in temperature m e a s u r e m e n t . This 
simple t e c h n i q u e proved u s e f u l . For microcontamination 
c o n s i d e r a t i o n s , thermocouple sometimes is not attached onto a、 
sample p r o c e s s e d but placed nearby or pasted onto another dummy 
sample u s e d as reference. In this way, however, calibration is 
n e e d e d . 
P y r o m e t r y is also widely used in RTA furances. This 
technique has received a wide acceptance due to its noncontact 
n a t u r e . H o w e v e r , in addition to its higher price compared to a 
t h e r m o c o u p l e , pyrometry measures emitted radiation which is a 
complex combination of surface temperature and surface emissivity. 
For p r o c e s s e s where the emissivity does not change during RTA 
p r o c e s s , the pyrometer has been proved successful. 
The h o m e - m a d e RTA unit used in this work consists of six 
halogen lamps (1250W, 220-230V (Philips 6358R P2/12)) 
s y m m e t r i c a l l y mounted within a water-cooled cylindrical stainless 
steel c h a m b e r . A n open ended quartz tube of outer diameter 18mm 
is u s e d as the processing chamber. Gas (usually oxygen) inlet is 
controlled b y a needle valve at one end. A n oxygen flow meter is 
connected at another end of the tube to monitor the flow rate of 
the g a s . 
A type-K thermocouple is attached on a sample which is placed 
in a quartz b o a t . The thermocouple is fed into a temperature 
controller (Shimaden S-R 18) which in turn controls the power 
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o u t p u t of three power regulators (Shimaden) through a PID 
a l g o r i t h m . Temperature overshooting (typically 10°C) usually 
O C C u r s ' M o r e o v e r , it takes 5 to 10 seconds to reach the steady 
s t a t e . Since the optimum PID settings are different for different、 
a n n e a l i n g temperatures, the optimum PID values for various 
t e m p e r a t u r e s have been tabulated for later reference. 
The p r o c e s s i n g time can be accurately controlled by a 
p r o g r a m m e d t i m e r . The whole furnace is mounted on a trolley. 
D u r i n g the a n n e a l i n g , it is put at a position where quartz boat is 
a p p r o x i m a t e l y in the middle of the furnace. Once annealing is 
f i n i s h e d , the furnace is pushed back to its starting position so 
that the sample is outside the furnace. This enhances the cooling 
r a t e . The b l o c k diagram of the RTA set-up is shown in Fig. 3.16. 
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Fig. 3.16 Block diagram of RTA set-up. 
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Chapter 4 
Characterization一principles and setups 
4. 1 Structure X-ray diffractometer 
It is generally agreed that Rontgen's discovery of X-ray in 
1895 marked the dawn of modern science. Up to now, there are 
nearly 30 Nobel Prize winners whose awards had something to do 
with X-rays. Among them, there are fifteen bona fide 
crystallographers. This indicates the fact that X-ray diffraction 
(XRD) has acted as the cornerstone of twentieth century science. 
Its development has catalyzed the developments of all of the rest 
of solid state science and much of our understanding of chemical 
bonding. Conventional XRD is a nondestructive method of 
structural analysis of thin films. Because X-ray diffracted 
一 5 
intensities are very weak (10 of the incident beam), a certain 
thickness (thicker than few tens of nanometer) is required to give 
sufficient signal to noise ratio. For ultrathin films, a thin film 
diffractometer should be used. The thin film diffractometer uses 
grazing angle incidence for increasing the sampling volume and a 
rotating anode for increasing the X-ray source intensity. The 
basic relation for XRD is the Bragg law based on kinematic 
consideration of the diffracted X-ray. For a perfect single 
crystal, which is rare in our samples, dynamic theory is needed to 
describe the observed data. Bragg law states that 
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2dsin0 =入 
where d is the interplanar spacing, d the Bragg angle and 入 the 
w a v e l e n g t h of X - r a y s . The XRD technique gives a wide range of、 
information about structural, mechanical, thermal, and chemical 
aspects of the films . 
4.1.1 Set-up 
Our X R D system is a computer-controlled 4-circle 
d i f f r a c t o m e t e r with a Bragg-Brentano configuration (Chao, Gao and 
W o n g , 1 9 9 3 ) . A s illustrated b y a schematic diagram in Fig.4.1, it 
is composed of a 6-26 goniometer and an Eulerian cradle (Huber 
424 and 5 1 1 . 1 ) . They are driven by a stepper motor control (Huber 
SMC 9000) which is governed by an IBM PC/AT compatible 
m i c r o c o m p u t e r via IEEE 488 interface. Each circle of the 
O t 
goniometer and cradle has a step size of 0.001 with positioning 
reproducible to within 2 arcsec. The set-up has a horizontal 
scattering p l a n e , i.e. with vertical 6 and 26 axes. The x axis 
always lies in the scattering plane. The x angle is defined such 
that x = 0° when the (p axis is perpendicular to the scattering 
p l a n e . The 0 axis is always perpendicular to the x axis. 
The x - r a y source is a sealed X - r a y tube with a water cooled 
copper target (Philips PW 2213/20) operated at 40 kV and 20 mA 
(H.T. g e n e r a t o r , Philips, PW1830). Cu K戊 doublet is selected with 
a flat graphite crystal monochromator (Huber 151) . The incident 
beam is formed using a 0.5 觀 collimator. The diffracted beam 




Sample Collimator \ 
‘ V M Source 
3 Receiving Slits 
Detector 
Fig。 4.1 Schematic diagram of a 4-circle X-ray 
Bragg-Brentano diffractometer. 
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V e r t i C a 1 ' S l U t 0 S a m P l e distance = 30cm) and is detected by a 
N a I ( T 1 ) s c i n t i l l a t i 0 n counter (Canberra, 1702). In some cases 
S U C h a S d 0 u b l e c r y s t a l diffraction (Chao, Gao and Wong, 1993), the 
scintillation counter is replaced by a proportional counter 
( H a m a m a t s U ' D 1 2 1 5 ’ X e / C 0 2 billed) in order to acquire better 
resolution. 
For the purpose of characterization of epitaxial thin films, 
various XRD techniques have been used to analyze the film 
structure, phase impurity and texture (preferred orientation). 
These are summarized in Table 4. 1 and will be presented in detail 
in the following sections. 
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Table 4. 1 Various X-ray techniques for structural analysis. 
N is the normal of the substrate surface. 
Technique ^ Scanned Sample mounted 
deg. angle 
e-20 0 Q-2Q 
Normal rocking 0 0 fT 
~ > N 
pole-figure (p, x I "j 
0””0 
Off e-20 >o 
axis 0-scan >0 <p f ‘ 
GID 0-20 <1 9-20� 。 一 5 中 
0—scan <1 <f> 
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2 Characterization 
A. Normal techniques 
i). 9-29 scan 
This is the most common method to explore the thin film 
structure. Only those crystal planes parallel or nearly parallel 
to the film surface are studied. As an example, we use a YBCO 
sample grown on a SrTi〇3 (STO) (110) substrate. The 
diffractometer is set to a 9-29 position with 20 = 32.40°, the 
position of STO (110). Then the angles 0 and ^ are set to 
maximize the count rate. Once the substrate peak is aligned, a 
e-20 scan is performed with 20 varied from 5° to 70°. The result 
of 9-29 scan brings out the following information of the sample： 
a. Lattice parameters： It is quite easy to determine the 
lattice parameters through the diffracted angles (or d 
spacings) provided that the crystal structure of the film is 
simple or known. 
b. Crystal structure: Determination of crystal structure 
varies widely in complexity: the simplest can be solved in a 
few hours by a software in a PC while the more complex may 
require months or even years' work of specialists for their 
complete solution. The main difficulty is the absence of 
phase information of the diffracted X-rays. Only the 
intensities (that tell us something about the positions of 
the atoms) and angular positions (that give the information 
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of a unit cell) of the diffraction pattern are recorded. As 
a result, it takes tremendous efforts to fill in the missing 
phase and determine a complex crystal structure correctly. 
c ' Phase identification: The characteristic diffraction patterns 
for materials can be used as fingerprints. The relative 
amount of a certain phase can also be estimated by comparing 
the intensities of the diffraction peaks. The weaker a peak 
is, the smaller amount of that phase has. 
d. Texture: Texture (preferred orientation of grains) can 
already be detected in 9-20 scans from an unexpected increase 
of intensity of some reflections. Degree of a texture can be 
approximately characterized by the Harris (1952) texture index 
T. = nI./(R . x S )、�
l l l ^ 
where 
n: the possible number of nonparallel reflections (for example 
(002) is parallel to (001) and should not be taken into 
account if (001) reflection is counted) 
I.: the observed intensity of the reflection (h^k^l^) 
R^： the corresponding intensity of the sample with a random 
grain orientation. This can be calculated if the structure of 
a compound is known or it can be found in the standard powder 
diffraction file. 
S: Sum of I ./R. over j 
J J 
e. Grain size: The grain size D of a sample is usually estimated 
from the Scherrer formula (Cullity, 1978): 
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D(hkl).= 0.9 入 / (B cos Q) 
w h e r e 入 ： w a v e l e n g t h of incident w a v e l e n g t h 
B ： line b o a r d i n g due to finite grain size o n l y 
6 : B r a g g angle 
The chief p r o b l e m in finding the grain size is to determine B . 
Let B g be the m e a s u r e d width at h a l f - m a x i m u m intensity (FWHM) from 
the s t a n d a r d . Let B m be the FWHM from the s a m p l e . T h e n the value 
B is e s t i m a t e d b y the following equation 
B 2 = B 2 ^ B 2 
m s 
H o w e v e r , such estimations are never v e r y reliable because the 
i n d i v i d u a l grains of such a m a t e r i a l are often nonuniformly 
s t r a i n e d . 
f • M i c r o s t r a i n ： W h e t h e r strains are u n i f o r m l y or non-uniformly 
p r e s e n t within the sample, the d i f f r a c t i o n line profile is 
c h a n g e d accordingly as illustrated in F i g . 4 . 2 . U n i f o r m strain 
shifts the position and nonuniform strains b r o a d e n the width. 
A l t h o u g h the grain size and nonuniform strain lead to line 
b o a r d e n i n g , they can be separated b y profile analysis (Warren 
and A v e r b a c h , 1949). In epitaxial films, the diffraction 
p e a k s o f t e n overlap with substrate peaks b e c a u s e of their 
similar crystal structur e. B e s i d e s , the overlap of 
n e i g h b o r i n g peaks m a y also o c c u r . In these cases, the profile 
a n a l y s i s is complicated and a peak—fitting software (Peakfit, 
J a n d e l Scientific, AISN Software, v e r s i o n 2.01, 1990) is used 




no strain 丨丨 
uniform strain / I 
nonuniform strain 20 
Fig. 4.2 Effect of strain on diffraction peak. 
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ii) Rocking curve; 
Even with a well-defined orientation, the thin film samples 
are actually made up of a number of tiny blocks called grains. 
The orientation of these grains may differ slightly from each 
other (Fig.4.3). This extent of the disorientation in this mosaic 
structure can be determined by the width of a rocking curve. 
The experimental set-up is the same as for the normal e-20 
scan. But now the diffractometer is set at the e-29 positions 
corresponding to the diffraction peak center in the normal 0-29 
scan. The sample is then rotated slightly by scanning <f> angle and 
the corresponding intensity is recorded. The curve of intensity 
against the rotation angle <f> is called the rocking curve. As the 
crystal is rotated, each grain of a mosaic crystal in the 
irradiated area comes into the reflecting position. Therefore the 
full width at half maximum (FWHM) of a rocking curve is a direct 
measure of the degree of disorientation of a mosaic crystal. 
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Fig. 4.3 The mosaic structure of a real crystal. 
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iii) Pole figure： 
T e x t u r e can also be described b y a pole figure which is the 
d i s t r i b u t i o n of the p o l e density with pole orientation for a 
specified set of crystal p l a n e s . To obtain the pole figure, the 
sample is m o u n t e d in the same way as for the normal 6-26 scan. The 
d e t e c t o r is fixed at the 20 position corresponding to the maximum 
intensity of (103) d i f f r a c t i o n . The sample is then rotated along 
the (f> and x axes simultaneously (Fig.4.1) . The resultant pole 
figure is p l o t t e d with contour lines. Each contour represents 
angles w i t h equal diffraction intensity. From the 0 and x values 
of the p o l e s , the angle between two sets of p l a n e s , denoted b y b, 
is found b y 
cos 6 = sin x i sin + cos cos X 2 cos - • 
iv) D o u b l e - c r y s t a l diffraction (PCD) 
D o u b l e - c r y s t a l diffractometry, a technique originally 
developed in the 1920s, provides a nondestructive method for 
characterizing heteroepitaxial layers, such as lattice mismatch 
( M e , 1989) , crystal quality , film thickness (Bassignana and Tan, 
1989) and composition (Tanner et al. ,1991) . A DCD with a ( + ,-) 
p a r a l l e l configuration is illustrated in Fig.4. The good 
q u a l i t y crystal (R) , with similar composition and crystal 
structure of the sample (S) is set to reflect K radiation in the 
01 
direction of the second crystal (S) , which is the sample to be 
e x a m i n e d . In a DCD experiment, crystal S is rotated about the 
Bragg angle 6 with crystal R and the detector fixed in position. 
B 
The result (intensity vs (j>, the rotating angle of crystal S) is 
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the "rocking curve" from which structure information is extracted. 
This high resolution technique is useful in resolving neighboring 
p e a k s , for example the (103) and (110) peaks in YBCO films. The 
set-up of DCD is h o m e - m a d e . Details are given elsewhere (Chao,-
Gao and W o n g , 1993). 
B• Off-axis scan 
The normal 6-26 scan gives no information of the in-plane 
relationship between the film and the substrate. In order to 
determine the in-plane lattice parameters (by 6-26 scans) and find 
out if the film is epitaxial (by 0 scans), off-axis scan must be 
e m p l o y e d . In an off- a.x i s scan, the s amp 1 e was mounted, on the 
goniometer in such a way that the 0 axis of the diffractometer was 
normal to the substrate surface (Fig. 4.5). 
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\s 
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F i g . 4.5 The off-axis scan setup. 
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G - G r a z i n g i n c i d e n c e X - r a y d i f f r a c t i o n (GID) 
I n c o n v e n t i 0 n a i X R D , the in-plane s t r u c t u r e cannot be 
m e a s u r e d d i r e c t l y . R e c e n t l y , a p o w e r f u l t e c h n i q u e c a l l e d the 
g r a z i n g i n c i d e n c e X - r a y d i f f r a c t i o n (GID) , has b e e n d e v e l o p e d that-
a l l o w s o n e to examine the surface s t r u c t u r e of a f i l m . it 
i n c l u d e s the d e t e r m i n a t i o n of in-plane lattice p a r a m e t e r s (Marra, 
E i s e n b e r g e r a n d Cho, 1979) in-plane s t r a i n s , g r a i n size (Kan, 
1 9 9 3 ) , d e p t h p r o f i l e of b u r i e d layer (Rhan et al.,1993) etc.With 
the u s e of s y n c h r o t r o n r a d i a t i o n where the b e a m c o l l i m a t i o n and 
i n t e n s i t y are h i g h , m o n o l a y e r in-plane studies can b e s u c c e s s f u l l y 
p e r f o r m e d . In G I D , the X - r a y b e a m is incident on the film at a 
g l a n c i n g a n g l e (< 1°) . At this a n g l e , t o t a l r e f l e c t i o n occurs 
(Compton, 1923) and at the same time the b e a m is d i f f r a c t e d b y 
c r y s t a l p l a n e s p e r p e n d i c u l a r to the surface if the B r a g g equation 
is s a t i s f i e d (Fig.4.6) . Because the angle of incidence is close 
to the c r i t i c a l angle, the X - r a y s p e n e t r a t e o n l y a v e r y shallow 
s u r f a c e l a y e r . The lattice p a r a m e t e r s p a r a l l e l to the surface can 
b e f o u n d f r o m the 6-26 s c a n . M a t s u b a r a et al.(1991) has applied 
this m e t h o d to characterize Y B C O films on ST〇（110)• 
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surface normal 
• diffracted X-rays 
incident X-rays 
Fig. 4. 6 Schematic diagram of GID. 
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七 1 . 2 . H i g h temperature-X-ray diffractometer (HTXRD) 
In o r d e r to study the high temperature s t r u c t u r a l phase 
c h a n g e and d e t e r m i n e the coefficient of thermal e x p a n s i o n , HTXRD 
is e m p l o y e d . The set-up is home-made and p r e s e n t e d as follows： 
A h e a t e r (Fig.4.7) was m o u n t e d on the X - r a y diffractometer 
d e s c r i b e d in Section 4 . 1 . 1 . The samples were stuck on an alumina 
sheet w i t h silver p a s t e . The alumina sheet was clamped on the 
h e a t e r . The heater was m o u n t e d on the g o n i o m e t e r b y two ceramic 
rods to insulate the heater with all other parts of the X R D . The 
c u r r e n t was supplied b y a step-down p o w e r regulator (220V to 8V) 
w h i c h was c o n n e c t e d with a p o w e r supply and was controlled b y a 
t e m p e r a t u r e controller (Shimaden S R 1 8 ) . The temperature of the 
sample could reach 400°C at m o s t . A thermocouple (K-type) was 
p l a c e d and stuck on the surface of the sample b y h i g h temperature 
cement (Omega cc powder) to m o n i t o r the sample t e m p e r a t u r e . Then 
the signal was sent to the temperature controller to control the 
t e m p e r a t u r e . Nickel and aluminum foils were used in the sample 
h o l d e r to act as thermal shielding to reduce the temperature 
g r a d i e n t . The 6-29 data of the sample were used to find out the 
c o r r e s p o n d i n g lattice constants and structure at different 
t e m p e r a t u r e s . A l l the measurements were conducted in a i r . 
The accurate measurement of specimen temperatures is always 
of our m a i n c o n c e r n . U s u a l l y , special care is required in the 
p l a c e m e n t of the thermocouples and their c a l i b r a t i o n . Large 
t h e r m a l g r a d i e n t should be a v o i d e d . H o w e v e r , in our H T X R D , , the 
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thermal couple film 
\ \ I substrate 
/ ^ 
sample ^ [ w i r e 
alumina strip ^ ^ 
ceramic holder 
(a) heater for film samples 
thermal couple flat thermometer (TFD, Omega) \ \ , , / 
\ \ sample 
p-n heating wire 
alumina strip y z 
ceramic holder 
(b) heater for bulk samples 
Fig. 4.7 Side view of HTXRD heaters. 
(a) for film samples. 
(b) for bulk samples. 
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S M f t ° f t h & 她 s t r a t e p e a k i n d i c a t e s t h e t e m p e r a t u r e 
°f f i l m S P 6 C i m e n - S i n c e penetration depth of X-rays is 
about a few only the temperature of the substrate surface is 
r e C O r d 6 d - ^ i S P o s s i b l e to determine the temperature of thin-
f i l m a C C U r a t 6 l y W i t h t h e coefficient of thermal expansion 
• f the substrate. In addition, we do not use any external 
thermometers (e.g. thermocouples) attached onto the f i i m . 
A l t h o u g h thermocouples placed on the film are c o 麵 o n l y u s e d t o 
measure film temperature, this method will lead to 
microcontamination. Moreover, the thermocouple cannot be put on 
the spot where the X - r a y is radiated or else the X - r a y will be 
b l o c k e d . So, in many cases, thermocouple is placed near the spot. 
This method requires a low temperature gradient or homogeneous 
temperature furnace. Otherwise, calibration is needed. In our 
HTXRD, there is no contact thermocouple, the microcontamination 
and complex calibration can be avoided. 
For bulk samples, a flat platinum resistance thermometer 
(TFD, Omega) was inserted between a thin sample (< imm) and the 
alumina sheet (Fig. 4.7 b) • The TFD combines the precision 
temperature measuring capability of the platinum resistance 
thermometer and rapid response time of the thermocouple. All the 
interfaces are filled with silver paste to increase thermal 
conduction and reduce thermal gradient. 
The 6-26 data obtained from HTXRD was analyzed b y Scanix 
(1991, version 2.14 by W . Paczkowicz) and Jandel Scientific 
Peakfit (version 2.01, 1990 ASSN Software). 
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4 - 2 Surface morphology 
A l t h ° U g h ^ 6 m ° S t — - n t and cheapest technique for 
V i 6 W i n 9 ^ 6 S U r f a C S °f a is the optical .icroscope, t h e 
s e e i n g electron microscope (SEM) has three m a i n advantages over 
^ 6 ° P t i C a l m i C r O S C ° ^ t h e ^ i a l resolution l i m i t of which is 
l i m i t 6 d t 0 a b ° V e 2 0 0 n m - I n t h e first: place, SEM is capable of 聰 c h 
h i 9 h e r m a g n i f i C a t i ° n s ( l o 5 ) ' and can achieve a much better 
r e S O l U t i ° n ( 5 n m ) ‘ 如日 to see much finer details on the 
S U r f a C e °f S p e C i m e n s compared with optical m i c r o s c o p e . Secondly, 
SEM has a greater depth of focus (300 times larger) than an 
optical instrument and allows us to examine the surface of 
specimens that have a v e r y irregular topography. Lastly, SEM 
equipped with EDX can provide information about the chemical 
composition of the specimen at the same time as one views it. 
4 • 2 • 1 - Scanning electron microscope (SEM) 
The b a s i c function of an SEM is to produce an image of three 
dimensional appearance derived from the action of an electron beam 
scanning across the surface of a specimen. The first commercial 
SEM, the 、Stereoscan M k l ' was produced b y Cambridge Instruments 
L t d . in 1964. Since then the potentialities of the 
scanning principle in electron microscopy and analysis have been 
appreciated b y users throughout the world. Today, a xStereoscan 
360, ' an offspring of the first SEM was installed in the Physics 
Department of CUHK in 1993. Before the 、Stere〇scan 360' was set 
u p , the surface morphology of the samples was characterized b y the 
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S E M ( J e o 1 J S M ~ 3 5 C F ) 社 the Anatomy Department of CUHK. 
The basic principle of the SEM is illustrated in Fig. 4.8. A 
finely focused electron beam with energies up to 4 0keV is scanned 
° V 6 r t h e S U r f a c e o f t h e sample. The secondary electrons emanating 
from the sample are collected and converted to an image on a TV 
screen. Frequently, a thin layer (lOnm) of Au-Pd alloy is 
deposited on the specimen surface by a sputter coater (Edward 
S150B) to avoid charging problems. For topographical purpose, the 
low energy secondary electrons are detected since these electrons 
emanate only Inm or less from the surface and hence the 
information obtained is faithful reproduction of the surface 
features. 
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g e n e r a t i o n + 
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s c a n n i n g 
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^ ^ electron 
sampteX) CQllecto「 
Fig. 4.8 Block diagram of SEM. 
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4 • 3 Composition 
Properties of ceramir thir, ^ • 
1 0 t h l n f l l m s ^^e strongly dependent on 
c o m p o s i t i o n . Although there aro 
y U n e r e a r e m a n y ways to analyze the 
c o m p o s i t i o n , energy dispersive X - r a y spectroscopy ( E D X ) is used-
b 6 C a U S e 让 i S n 0 t d e s t r u c t i v e and the most important of all, it is 
g e n e r a l l y an accessory 〇f a SEM anH hho dv, • ^ 
y d a n d t h e Physics Department owns 
o n e . 
4 ' 3 ' 1 E n e r g y dispersive X - r a y spectroscopy 
The SEM has several modes of operation, the choice of which 
is d e c i d e d b y the nature of the excited particles that are 
analyzed when the incident electron beam hits the 
specimen.(Fig.4.9) Among them, the energy analysis of x-rays, 
which are characteristics of the elements from which they are 
e m i t t e d , tells about the composition of the film. in order to get 
a good e n e r g y resolution, a liquid nitrogen cooled Li drifted Si 
solid state detector is employed. All chemical elements are 
analyzed simultaneously and the time required is about a few 
m i n u t e s . The spatial resolution is typically 1/im. Comparison of 
X - r a y intensities with those from standard materials allows 
m e a s u r e m e n t of element concentrations with a precision of 
t y p i c a l l y 1 % . Analytical sensitivity is typically from 0.1% to 1 
p p m , d e p e n d i n g on the technique used and the element involved. 
W i t h windowless configuration, elements down to oxygen can be 
d e t e c t e d . Limitations of the EDX include difficulties as follows： 
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• \ / Z fluorescent 
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• I 
specimen current • 
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Fig. 4. 9 Different imaging modes on the SEM. 
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a ) ° e t e C t i n g elements w i t h atomic number less than eight. The 
problem is due to low X-ray yield for small atomic number and 
poor detector sensitivity. For detection of light elements, 
Auger electron spectroscopy is better. 
b) Substrate effect. The fluorescence resulted from the 
bombardment of the primary electron beam onto the specimen 
leads to secondary fluorescence from the underlying layers. 
The penetration depth of X-rays is about 1 jm which is larger 
than the film thickness. Additional X-ray photons from the 
substrate would be emitted、and affect the accuracy. 
4. 3. 2 Rutherford Backscattering Spectrometry (RBS) 
High energy (l-5MeV), light ions (mainly He2+)‘ are used in 
RBS. At these energyies, -the sputtering of specimen is suppressed 
and the incident ions of energy E are backscattered at an angle 0 
and with a lower energy E^. From the mass of incident ion M^ and 
backscattered angle 0. the specimen mass M^ is estimated by the 
following equation: 
9 P 7 1/7 2 
I' /I = {[(M 2 - M x sin 0) + M x cosOl/CM^ H ^ T 
This property enables RBS to identify the elements in the 
specimen within the limits of the energy resolution. 
In order to determine the composition quantitatively, 
Rutherford backscattering cross section <r is needed. Using <r, the 
composition can be determined from the height of the 
backscattering signal. Since (T is proportional to the square of 
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the atomic numbers of the specimen or the incident ions. RBS is 
“ 0 " 6 S 6 n S i t i V e i n t h e d e t e c t i o n of heavy elements than light 
e l e m e n t S ' I n a d d i t i o n ' J a v i e r projectile such as L i 3 + can 
increase the d e t e c t i o n sensitivity. 
The e n e r g y loss of the projectile enables RBS to measure the 
thickness of a layer. The higher energy edge of the film spectrum 
corresponds to the backscattering from the surface. The lower 
energy edge corresponds to that from the backside of the film. 
The d i f f e r e n c e b e t w e e n the higher energy edge and the lower energy 
edge is d i r e c t l y related to the thickness of the film. Normally, 
R B S has a depth resolution of few tens of n m . 
The y i e l d of ions backscattered from an epitaxial film 
strongly depends on the orientation of the crystal lattice with 
respect to the incident b e a m . When they are almost parallel, the 
incident ions are steered between the atom rows. This 
"channelling" prevents ions from being backscattered. Thus for 
good crystalline films, the RBS signal is suppressed by 
c h a n n e l l i n g . This effect enables RBS to determine the crystalline 
q u a l i t y of a s a m p l e . 
RBS is one of the most widely used ion beam analytical 
t e c h n i q u e s . It can be used to determine the composition, 
t h i c k n e s s , crystalline quality and to identify elements of a film. 
All the RBS experiments were conducted in Institute of Physics' 
Chinese A c a d e m c y of Science in Beijing. 
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4 . 4� 〇ther characterization techniques 
1 Thickness measurement 
Thickness of a film with a step in it can be measured by 
stylus technique. The step is usually created by masking during 
film deposition. A sharp pointed (radius of curvature = 12.5啊） 
diamond stylus is rested lightly on the surface and is traversed 
across it. The up and down movements of the stylus, showing the 
‘ surface texture of the track, is picked up by a transducer. The 
signal is amplified, adjusted and fed to the recording device. 
When the stylus crosses a step, the vertical movement of the 
stylus indicates the thickness of the film. A typical result is 
shown in Fig.4.11. The thickness of samples was measured by 
Tencor Instruments' Alpha-step 100 Surface Profiler installed in 
Electronic Department of CUHK. This instrument provides automatic 
stylus-to-substrate levelling. Stylus tracking force is adjustable 
between 1 and 20 mgf. The thickness resolution is 5nm and the scan 
length is 2.5mm. 
4.4.2 Measurement of T in YBCO 
c 
A closed cycle refrigerator (Air Products Inc., Model DE202) 
is used to cool a copper block down to 11 K. Samples were mounted 
on the copper block by varnish. A gold-iron thermocouple and a 
heater were mounted at one end of the copper block. The 
temperature was measured and controlled with a digital temperature 
controller (Air Products Inc., APD-E). Prior to cooling, the 
—2 
refrigerator was evacuated to a pressure below 10 Torr using a 
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Fig. 4. 10 A typical thickness measurement result. 
Film thickness is about 400nm. 
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rotary pump (Edwards E2M5), 
The critical temperatures of samples (6.5mm x 6.5mm) were 
found by a four-lead resistance measurement. The four corners of 
the films were coated with silver layer by evaporation at pressure 
lower than 10'4 Torr. Four wires were fixed on the silver layers 
by varnish and silver paste was used for the electrical contact. 
Two leads were for the current and the other two leads were for 
the voltage measurement. A schematic diagram of the measurement 
method is shown in Fig.4.11. A constant d. c. current source 
(Hewlett-Packard, Model 6181B) was used to supply a small current 
to the sample. This current was monitored by a resistor in series 
with the sample. This was done to verify that the current did not 
change during the course of the measurement. The potential 
difference of the sample and the resistor was measured by digital 
multimeters (with ljiiV sensitivity). A switch was used to alter the 
direction of the current. The resistance of the sample was taken 
as the average of the resistance measured with the current flowing 
in opposite directions. 
4.4.3. Thermomechanical analysis system (TMS) 
A TMS (Perkin-Elmer, Model TMS-2) was used to investigate the 
variation of length as a function of temperature. A linear 
variable differential transformer (LVDT) is coupled with a fused 
quartz probe which contacts a sample. Both the sample and the 
probe tip are heated or cooled by the surrounding furnace or 
Dewar. Sample temperature is monitored by a thermocouple. The 
maximum sample temperature of the system was 325 C. A schematic 
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Fig. 4. 11 Schematic diagram of four-lead resistance 
measurement. 
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Fig. 4. 12 Schematic diagram of TMA. 
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4 . 4 . 4 . Differential scanning calorimeter (DSC) 
A DSC (Perkin-Elmer, Model DSC-2) with temperature 
programming system was used to obtain thermal analysis. The DSC 
was a power-compensated system with operating temperature ranging 
from 50°C to 725°C. The point of phase transition is indicated by 




5. 1 YBCO films 
5.1.1 YBCO on sapphire 
The high temperature superconductor is useful in passive 
microwave devices such as filters, resonators, delay lines etc. 
Sapphire is a preferred substrate for microwave device 
applications due to its low tangent loss (8.6 x 10一5 parallel to 
c-axis ’ 3 x 10 5 perpendicular to c-axis at 25°C, 10 GHz). 
Furthermore, it has good mechanical strength, excellent abrasion 
resistance, and less expensive than the other substrates such as 
MgO, SrTiO^ , etc. However, sapphire reacts with YBCO at the 
epitaxial temperature (above 600^C). Therefore, a buffer layer on 
sapphire is required. The buffer layer lattice must match with 
both sapphire and YBCO. It should be smooth, and chemically 
stable up to the processing temperature of YBCO films. In this 
research, PrO was used as buffer, 
x 
PrO as a buffer layer (Ling et al.,1992) 
_ x 
Recently Ce〇2 has been used as a buffer material for growing 
YBa Cu�〇 (YBCO) films on reactive substrates (Wu et al. , 1991; 
2 3 7—5 
Luo et al. , 1991; Merchant et al. , 1992). It should be pointed 
out that care must be exercised when using other rare earth metal 
99 
O X i d 6 S f°r t h i S P U r p ° S e they exist in various discrete 
P h a S 6 S W U h d i f f e r e n t 卿 卿 content and structures. More 
i m P O r t a n t l Y ‘ ^ — e a r t h - i d e s (including C e O ^ decompose at 
high temperatures required for the growth of YBCO and might affect 
the epitaxial growth. As an example, we consider praseodymium 
oxide which exists in a series of stoichiometric, ordered phases 
in form of P r n 0 2 n _ 2 where n = «’ 12, 11, 10, 9, 7, 4 and labeled 
as a, |3，5, s, C, ^ and (f> respectively (Eyring, 1981). The a 
phase, Pr0 2, has a cubic fluorite structure with lattice constant 
(a) of 5.395 X at room temperature (Eyring, 1981). Other Pr�〇�
n 2n-2 
phases have structures of lower symmetry which can be produced by 
ordering anion vacancies into strings parallel to one (卩，5, e,《， 
(J or all four (0) [111] directions of the ideal fluorite lattice 
(Eyring, 1981). In other words, these phases can be treated as 
having pseudofluorite structure and thus all crystal directions 
and planes to be discussed later are referred to the ideal 
fluorite structure. It is of interest to note that unlike Ce〇, 
commercially available praseodymium oxide exists in only /3 phase, 
i.e. P r 6 0 u (a = 5.469 X) (Eyring 1981). Pr〇2 can only be 
produced by heating Pr^O^^ in a high pressure of oxygen gas 
(Eyring, Lohr and Cunningham, 1952). When PrO is heated to a 
high temperature (e.g. 950°C) and then cooled in air, the only 
phase left is usually Pr 60 indicating a greater stability in 
standard atmosphere (Eyring, Lohr and Cunningham, 1952). Fork et 
al reported the growth of (111) PrO^ films on hydrogen terminated 
(111) Si heated up to 650°C (Fork, Fenner and Geballe, 1990). 
Their films have better crystal quality when deposited in vacuum 
100 
than in 25-mTorr % . Based on the reported value of lattice 
c o n s t a n t , their films are actually P r ^ ^ . The same error appeared 
in the report of M.Suzuki et al. (1991) who grew PrO on fused 
x 
q u a r t z . 
In this section we report on the epitaxial growth of (100) 
and (111) P r 6 O i ] L thin films on r-plane sapphire substrates. Other 
phases could be obtained b y annealing the films in suitable oxygen 
a t m o s p h e r e . This result is in sharp contrast with the findings in 
W u e t a 1 . ' 1 9 9 1 a n d Merchant et al • , 1991 where (001) YBCO was 
grown on (100) Ce〇 and (100) YBCO on (110) C e 〇 ( L u o et al 
z 2 “' 
1991). 
The Pr〇x films were deposited b y pulsed laser deposition 
technique commonly used in the preparation of YBCO thin films. (Wu 
et al., 1991； Luo et al.,1991) in brief, laser pulses (193nm, 
150mJ, 12ns) were focused onto a target of Pr 〇 at an anqle of 
6 11 
about 45° and a heated substrate was positioned at a distance of 
5cm from the target to catch the evaporated materials. A n ArF 
excimer laser (Questek 2320) equipped with a liquid nitrogen gas 
processor was used and fired at 10 H z . The laser energy density on 
2 
the target was about 4J/cm • The target was produced b y pressing 
dark b r o w n P r ^ powder (99.999% purity from Research Chemicals) 6 11 
, 3 2 
into a pellet of lcm diameter at a pressure of 5. 7x10 kgf/cm , 
sintered in air at 1100°C for 12 hours and then furnace-cooled in 
a i r . As mentioned above, this process results in pure Pr 〇 phase 
6 11 
in the p e l l e t . 
The deposition experiment was carried out in a small 
i 广 6 
stainless steel vacuum chamber which was evacuated to 1x10 Torr 
1 0 1 
P r i ° r t 0 d e p ° S i t i o n w i t h a diffusion pump buffered with a liquid 
nitrogen trap. During deposition, the chamber was either in 







l i s h e d ( l i 0 2
) 扣 d ( 0 0 0 1 ) A 1 2 0 3 substrates (commonly、 
called r-plane and c-plane sapphire respectively) at temperatures 
r a n g i n g f r o m 7 0 0 t o 800 OC. I麵ediately after deposition, the 
chamber was back-filled with 〇2 to 1 atm with the high vacuum 
valve closed, and then the deposited film was cooled to room 
temperature at a rate of about -100°C/hr. The deposition rate was 
about 3 &/s and the typical thickness of the films was 1 譯 . A l l 
P r 0
x
 f i l m s a r e smooth, and stable in air. The surface morphology 
was studied b y a scanning electron microscope (JEOL JSM-35CF). 
Like many other films deposited by laser ablation, droplets with 
diameters less than 1 — and density of about 1 0 6 / c m 2 were 
observed. However, in contrast to Fork et al, (1990) these 
droplets are hemispherical. 
Epitaxy of the films was studied with a four-circle 
diffractometer equipped with a Eulerian cradle (Huber 424 and 
511.1) and a flat graphite monochromator. Cu K radiation from a 
01 
fine-focused X - r a y tube (40kV, 2 0mA) was used for all X-ray 
diffraction experiments. For texture analysis, the samples were 
aligned with the substrate surface normal to the cf> axis of the 
diffractometer as illustrated in Chapter 4, 
Initially (111) Pr〇 films were grown on c-plane sapphire 
because the basal plane of sapphire has a pseudo-cubic (111) 
lattice arrangement. However the lattice misfit for this matching 
is too large (about 20%) to grow high quality films. The situation 
102 
1 3 m U C h i m p r ° V e d w i t h t h e - P l a n e sapphire substrate which, as 
will b e d i s c u s s e d b e l o w , has a better lattice match with Pr 0 
6 11* 
Table 5.1 summarizes the results which indicate that the film 
p r o p e r t i e s and quality depend on the substrate temperature and the 、 
oxygen P r e s s u r e during the cooling p r o c e s s . Films prepared at 
800 oC and at 〇2 pressure of 200-300 mTorr are yellowish and grown 
in (100) o r i e n t a t i o n . Figure 5.1 (a) is the U scan of a (100) 
P r6°ll f i l m - I t s l a t t i c e constant, found to be 5.44 % indicates 
that the sample is in Pr 0 p h a s e . In order to study the Pr 〇 
b 丄 1 6 1 1 
(220) diffraction,the film was tilted b y 45°. The 0 scan of this 
diffraction shows only four peaks with 90° separation (Figure 
5 . 1 ( b ) ) . Each peak has a full width at half maximum (FWHM) of 
1 . 5 0 . In order to determine the in-plane epitaxy with the sapphire 
substrate, we study the 0 scan of the sapphire (0006) diffraction. 
As shown in Figure 5.1(c), only one peak which coincides with the 
second peak of Figure 5.1(b) was observed. The FWHM « 0.3° 
103 
. 1 0 5 , 
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Fig. 5.1 (a) X-ray diffractogram of a P r 6 0 1 1 film. 
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Fig. 5. 1 (b) <f> scan of (220) diffraction of a (100) 
Pr-0,, film. 6 11 
(c) (f> scan of sapphire (0006) diffraction. 
FWHM=0.3°. 
The diffraction angles are defined in the 
inset. 
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signifies the diffractometer resolution. The above observations 
indicate that (100) P r 6 0 u film was epitaxially grown on r-plane 
sapphire with P r 6 0 u [010] or [001] parallel to sapphire [1010]. 
The misfits for this matching are 5.8% along [1231] and 13.3%、�
along [1010]. 
The films prepared at 750°C and in 200 mTorr� 〇2 were found to 
have (111) orientation. Figure 5.2(a) is the e-29 scan of such a 
sample. The film is also in Pr.0. . phase. In the 0-scan of Pr 0 
o丄丄 6 11 
(200) diffraction (Figure 5.2 (b))’ nine peaks in three groups 
(labeled as P, P, and M) were observed: P (89°, 208° and 328°), P, 
(65 0, 185° and 305°) and M (30°, 149° and 269°). The FWHM of each 
peak is again 1.5°. Each group contains three peaks with nearly 
120 separation indicating that there are three modes of 
orientation. After locating the c-axis of the substrate as done in 
Figure 5.2(c), we establish the in-plane epitaxial relationship as 
shown in Figure 5.2(c). The films deposited at 700°C and 200 mTorr 
have also (111) orientation. It is of interest to note that 
preferential growth of (111) PrO films was also reported by Fork 
et al. (1990) on (111) Si at 650°C and Suzuki et al. (1991) on 
fused quartz at 1100°C. The preferential growth of (100) P r . on 
6 11 
r-plane sapphire at higher substrate temperatures is due to a 
better lattice matching with the substrate. Moreover, in contrary 
to the report of Fork et al. (1990), we found that the crystal 
quality of PrO is better when deposited in 200 mTorr than in 
X 乙 
vacuum. In order to check the effect of oxygen annealing in the 
cool-down process, a film deposited at 750°C and 200mTorr� 〇2 was 
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Fig. 5.2 (a) X-ray diffractogram of another P r 6 0 1 1 
film. 
107 
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〇 • • 
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Fig. 5.2 (b) <l> scan of (200) diffraction of a (111) 
Pr.O,, film. 6 11 
(c) Epitaxy of Pr 60 (111) plane (denoted by 
square) on ？-plane sapphire (denoted by circle). 
The arrows locate the three axes of Pr 60 1 1- Two 
orientations (P, M) are shown. Their mirror images 
are also possible. The preferred orientation 
observed in (a) may be due to lattice mismatch. 
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transparent and colorless, and still grows in (111) orientation as 
expected but the lattice constant is enlarged to 5.57 X indicating 
that it may have�� 〇 phase (Eyring, 1981). 
YBCO (100)//PrO / / A l o 0 o 
x 2 3 
The scanning electron micrographs of the PrO films show that 
sapphire r plane is a suitable substrate to grow smooth buffer 
layer ( P r 6〇 n ) for high T q YBCO film. The X-ray diffraction 
results suggest that epitaxial growth of (200) and (111) 0 f 
P r
6 ° n are possible on sapphire r planes. P r 6 0 n has a better 
lattice match with YBCO than CeO because of its slightly larger 
lattice constant. At the growth temperature (-700°C), YBCO has a 
tetragonal structure with lattice constants a = b « c/3 and thus 
the (100), (010) and (001) planes of YBCO can all match Pr〇2 or 
P r 6 0 l l ( I 0 0 ) Plane with 45° rotation. After good quality of 
epitaxial (100) PrO buffer layer on r-plane sapphire was 
confirmed, the sample was put back into the PLD system to fabricate 
YBCO films. The deposition condition of YBCO film, was similar to 
that for of PrO buffer layer except the substrate temperature was 
set to 700°C and the partial pressure was at 200 mTorr. The 
post-annealing process was also similar to the fabrication of PrO 
buffer. 
Epitaxy of the films was studied with the four-circle 
diffractometer as described before. The 9-20 scan (Fig.5.3(a)) 
shows only substrate peaks, buffer layer (100) and YBCO (mOO) 
peaks. In the 沴一scan of YBCO (103) diffraction (Figure 5.3(b)), 
109 
four peaks separated by 90° were observed. The angular difference 
中 between the P r ^ C ^ (110) buffer and YBCO (103) is 45° as 
expected. Fig. 5.3(c) is the RBS result. The composition ratio 
of Y: Ba: Cu is found to be 1.0:2.0:3.0. The thickness is 4 5 0 n m . . 
The lattice misfits (defined as Aa/i) between a/V2 of Pr�〇�
6 11 
and a(=b), c/3 of YBCO are 0.3% and 2.1% respectively (At 700°C, 
P r6°li usually decomposes to c phase with slightly larger lattice 
parameters and thus the lattice misfits will become even smaller. 
The YBCO lattice parameters are taken from Jorgensen et al., 
1987). It is therefore expected that YBCO should grow with (001) 
parallel to P r 6〇 u (100). To our surprise, we obtained epitaxial 
growth of a-axis oriented YBCO on the (100) Pr,0,. buffer layer 
6 11 J 
Such an anomalous growth direction may be related to the noncubic 
nature of the (100) plane of l phase of PrO which is expected to 
be the phase at the growth temperature ——700°C (Erying, 1981). 
In conclusion we have grown epitaxial (100) and (111) PrO 
A x 
thin films on r-plane sapphire. The growth direction depends on 
the substrate temperature and the oxygen stoichiometry depends on 
the oxygen pressure in the cooling process. These PrO layers are 
x 
good buffers for growing YBCO thin films. A-axis oriented YBCO 
films were grown epitaxially on (100) Pr.0... 
b 11 
110 
Table 5. 1 Lattice constant of PrO films as a function of growth 
conditions. 
Growth Conditions Lattice 
Temperature Pressure Texture Constant 
(A) 
800 300 mTorr 0 (100) 5.44 a 
800 200 mTorr 0 (100) 5.45 a 2 
750 200" mTorr 0 (111) 5.45 b 
2 
750 150 mTorr 0 (111) 5.42° 
2 
750 vacuum (111) 5 . 4 5 C , d 
750 200 mTorr 0 (111) 5.57 b’ e 
2 
700 vacuum (111) 5. 4 5 C , d 
a : Average value deduced from (200) and (220) diffraction data, 
b : Average value deduced from (111) and (200) diffraction data, 
c : deduced from only (111) diffraction, 
d ： not epitaxial. 
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Fig. 5.3 (b) <f> scan. c 
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F i g . 5.3 (c) R e s u l t of RBS analysis of 
YBCO//Pr〇 x//Al 2〇 3. 
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5.1.2 Y B C O o n spinel (MgAl 〇) 
‘ 2 4 
I n t r o d u c t i o n 
S e v e r a l of the important magnetic oxides have the spinel 
s t r u c t u r e . The parent spinel is MgAl 0 • It has a large, cubic 
2 4 
unit cell w i t h a = 0.808nm. The structure m a y be described as a 
cubic close p a c k e d array of oxygen ions with M g 2 + , A l 3 + in 
t e t r a h e d r a l and octahedral interstices respectively. Despite the 
s u c c e s s f u l epitaxial growth of YBCO films on substrates like Mg〇， 
S r T i 0
3
 a n d L a A 1 0
3 , spinel has some advantages as a substrate for 
YBCO： 
(1) It has a good match of lattice constant with YBCO crystal. The 
lattice constant of spinel is 8.088 A , about two times the lattice 
c o n s t a n t s a and b of Y B C O . Figure 5.4 illustrates the spinel 
s t r u c t u r e and perovskite structure (Matsubara et al., 1989). Thus, 
spinel is a b e t t e r choice than Mg〇 as a substrate for deposition of 
Y B C O . 
(2) It has a low dielectric loss ( tan b = 0.0005 at 1 MHz ) 
(Shannon and Rossman, 1991) and it is therefore useful in microwave 
a p p l i c a t i o n s . 
(3) S p i n e l is a hard m a t e r i a l . In Table 5.2 the microhardness 
v a l u e s m e a s u r e d in our laboratory with a Buehler microhardness 
tester are l i s t e d . 
(4) Spinel is less expensive compared with other m a t e r i a l s . 
T h e s e advantages inspired us to conduct this research in which 
spinel was u s e d as substrate for deposition of Y B C O . Preliminary 
results were reported in the thesis of Wing-Hon Siu (Siu, 1992). 
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Table 5.2 : Properties of various substrates. 
Sapphire MgO SrTiO Spinel 
Lattice 4.763 A 4.213 A 3.905 A 8.088 A 
constant 
Misfit with 
C-plane of very 
YBCO 8 . 9 % 1-4% 4.9% 
a - b - 3.85A l a r g e 
// c-axis ；� _ m … 
Dielectric 0.000086 0 ' 0 0 9 1 v e r ^ 0 0 0 5 
loss value 丄�c-axis ： large 
( t a n 5 ) 0.00003 
Microhardness 1 c n n o n n 440 on 
( V i c k e r ) 1 5 0 0 8 0 0 °n (100) plane 1 3 5 0 o n 
scale on C-plane (100) plane 600 on (100) plane 
(110) plane 
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( ^ ) Oxygen • Metal 
[ Q o p 
Psrovskife Srrucrure Spinel Srracfure 
Fig. 5.4 The (001) planes of perovskite and spinel. 
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Sample preparation 
Two different techniques for film deposition were employed. 
T h e y were off-axis planar magnetron sputtering and pulsed laser 
d e p o s i t i o n . 
1) m a g n e t r o n sputtering 
A stoichiometric YBCO target was prepared by pressing powder 
of Y 2〇 3' BaC0 3 and CuO in right proportions into a disk (20 tons 
on a diameter of 2 inches ). It was then calcinated to about 935°C 
in flowing sintered at the same condition and finally slowly 
cooled to room temperature (-100°C/hr) . The set-up of the 
m a g n e t r o n sputtering system was described in Chapter 3. 
The off-axis d . c . reactive magnetron sputter gun was employed 
and argon gas was used as a sputtering agent. During deposition, 
oxygen gas was also admitted to the system with a partial pressure 
of 20 m T o r r . The total chamber pressure was about 200 m T o r r . The 
substrate was heated to 650 °C. The applied d . c. voltage to the 
gun was -80 V and the current was 0.2 A . The sputtering time was 
about 10 h o u r s . After deposition, the film was post-annealed at 
5 00°C for 3 0 m i n . and cooled naturally in pure 〇 at about 1 
2 
atmospheric p r e s s u r e . 
The deposited YBCO films were black in color and had shiny 
surface. The film thicknesses were several kA measured by o?-step. 
2) Pulsed laser deposition 
Excimer laser ablation from a stoichiometric bulk pellet was 
used in fabrication of YBCO films • The wavelength of the laser 
. - 2 
was 193 n m . The energy density at the target was about 4 Jem . 
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The target was a high density YBCO pellet supplied b y 
Superconductive Components, I n c , Ohio (diameter of l inch) . The 
laser p u l s e repetition rate was 10 H z . The substrate was heated to 
6°°°C a n d t h S ° X y g e n Pressure inside the chamber was maintained at 
2 0 0 m T ° r r d u r i n g d e p o s i t i o n . After deposition, the charter was 
back filled with 1 a t m . pure 〇2 and cooled with heater off to room 
t e m p e r a t u r e . 
The d e p o s i t e d YBCO films were black in color and had shiny 
s u r f a c e s . Films with thickness ranging from several kA to the 
order of 1/^m were p r e p a r e d . 
Compared with the magnetron sputtering, the PLD produces a 
b e t t e r q u a l i t y of YBCO films. 
Structural analysis 
(1) 6-26 Scan 
Figure 5.5 is a typical 6-2Q spectrum for a fresh sample 
which was p r e p a r e d in-situ b y pulsed laser ablation. No further 
p o s t - a n n e a l i n g was done. The sample number is 920119-1. In the 
figure sharp peaks are (001) diffraction (1=1,2,3...) of YBCO 
film. This indicates that the YBCO film consists of almost single 
phase of Y B C O . The spinel (001) plane is parallel to the (001) 
plane of Y B C O . In other words, the YBCO film is c-axis orientated. 
The FWHM of d-26 scan of (006) is 0.4°. In addition, the 6-26 
spectrum has a small peak marked as impurity near 33 • It may be 











































































































































































































































































































(2) (f> Scan 
I n ° r d e r t 0 c h e c k t h e Precise film orientation or epitaxial 
r e l a t i o n w i t h the substrate, 0 scan must be d o n e . The (103) 
p l a n e was s t u d i e d . To do the 0 scan, 20 was set to 32.84。 for the 
U 0 3 ) d i f f r a c t i o n ' 即 adjusting x and the sample was tilted so 
that the (103) plane of the substrate was p e r p e n d i c u l a r to the 
d i f f r a c t i o n p l a n e . A 0-scan was then performed b y v a r y i n g 0 from 
0° to 360° about c - a x i s . 
The 0—scan spectrum of the sample 920119-1 is shown in 
F i g . 5 F o u r peaks evenly separated b y 90° are o b s e r v e d . They 
c o r r e s p o n d to diffraction b y (103), (013), (103) and (013) p l a n e s . 
B e s i d e s , some minor features appear as indicated b y the arrows in 
F i g . 5 . 6 . It is found that these peaks are not in random 
l o c a t i o n . T h e y consist of three groups. In each g r o u p , the peaks 
are s e p a r a t e d b y 9 0°. For example, group one contains peak (1), 
(4), (7) and (10) with 90° separation. For others, peaks (2), (5), 
(8) and. (11) form the second group and peaks (3) , (6) , (9) and 
(12) form the third g r o u p . They correspond to the 45°, 18° and 
- 1 8° miso r i e n t a t i o n s (Fig.5.7). 
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Fig. 5.6 (f> scan of sample 920119-1 (fresh). 
Intensity is in natural log. scale. 
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Fig.� 5.7� Different� orientations� of YBCO grains on 
spinel. 
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Table 5.2A: History of annealing for sample 920119-1 
Sample First Second Third Fourth 
. R T A HTA RTA RTA 
920119-1C1 660°C 660°C 640°C 620°C 
920119-1S2 695°C nil nil nil 
) 
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Figure 5.8 is a series of 9-29 scan spectra for 920119-1C1 
for the first three states, fresh, the first RTA and the second 
RTA. Comparing the three graphs ’ it is found that ： 
(1) The impurity, a peak near�33。which� is�suspected� to be� (110)、�
or� (103)� plane� of YBCO, is much reduced after the first RTA. 
However, there is no significant change after the second RTA as a 
small peak still exists. 
(2) Figure 5.8(b) and Figure 5.8(c) are almost the same. It 
indicates that the effect of RTA is saturated. No improvement can 
be made through further RTA for such annealing condition. 
The (f> scan of these samples were also done. However, no 
significant change after RTA is observed. The misorientations of 
YBCO still exist. This means the misorientations of the YBCO film 
cannot be corrected by RTA. A typical scan after RTA is 
compared with the fresh one in Fig. 5.9. 
For the third RTA and fourth RTA, the annealing temperature 
was slightly lower, 640°C and 620°C respectively. The annealing 
time was the same as in previous annealings, i.e. 7 seconds. It is 
found that the film quality was not improved as indicated by the 
9-29 scan and the 0-scan. 
For sample 920119-1S2, the annealing temperature was higher, 
695°C. Judging from the result of detailed XRD analysis, the film 
quality has not been improved. In addition, as shown in Fig. 5. 10, 
the increase of impurity indicates a degraded crystal quality. 
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Fig.�5.�8� X-ray�diffractograms� of�samples� treated by RTA. 
The results are compared with fresh one. 
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Fig. 5.9 The result of RTA compared with the fresh 
sample. 





































































































































































































































































In this research, spinel was used as substrate for YBCO film. 
It is found that it reacts with YBCO at high temperatures (about 
700 C) . A t low temperatures, epitaxial growth has been achieved 
with Y B C O (001) parallel to spinel (001). Such an epitaxial 
r e l a t i o n was studied in detail at room temperature. A small 
amount of impurity phase and misorientations was observed in the 
a s - d e p o s i t e d samples. RTA could remove some impurity phase and 
m i s o r i e n t a t i o n s but not a l l . However, too high an annealing 
t e m p e r a t u r e m a y degrade the film. Buffer layers will be needed to 
improve the growth quality. 
5.1.3 Y B C O / / S r T i Q 3 / / s p i n e l 
As discussed in Section 5.1.2, a buffer is needed for 
g r o w i n g YBCO on spinel owing to the chemical reaction between YBCO 
I 
and spinel at high temperature. In this research, SrTiO^ (ST〇） of 
thickness 5 0nm is used as a b u f f e r . The buffer and the YBCO films 
were p r e p a r e d by PLD. The substrate temperature ( T s ) for 
f a b r i c a t i o n of YBCO film was at 720°C. The T for the ST〇 buffer 
s 
scanned from 700°C to 850 C. The deposition condition is 
summarized in Table 5.3. The structure was analyzed b y XRD as 
d i s c u s s e d in Chapter 3. A typical 6-26 scan is shown in Fig.5.11. 
0 scan was employed to confirm epitaxy. The T c was measured by 
four-point m e t h o d . The result is summarized in Table 5.4. 
In conclusion, YBCO films were successfully fabricated on 
spinel u s i n g STO as buffer. 
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Table 5.3 Conditions of PLD 






energy density 3J/cm 
pulse rate' 5Hz • 
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Table 5.4 Properties of YBC0//SrTi03//spinel films. 
STO YBCO FWHM of <p scan , T /K 
“ c 
sample no. T /°C T /°C of (005) YBCO 
b s 
930222-1 720 720 0.6 7 6 . 3 
930304 800 720 0.24 7 8 . 7 
930305 850 720 0.22 ~ ~ 7 8 ^“— 
> I 
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5.1.4 YBCO on M q O 
I n t r o d u c t i o n 
A l t h o u g h M g O lattice is not closely matched with YBCO (9% 
m i s m a t c h on the basal plane) , it is commonly used as substrate of 
m a k i n g YBCO film ( Q . L i e t a l .丨 1 9 Q 9 } M o e c k l y e t a l • , 1 9 9 0 ; B l u e , 
Blue and B o o l c h a n d , 1992) because it is cheaper than STO and it 
d o e s n o t r e a c t w i t h YBCO at growth temperature. Pulsed laser 
d e p o s i t i o n of YBCO films have been reported using N〇2 (Nonaka, 
Shimizu and A r a i , 1990) and gas (Koren, Gupta and Baseman, 
1989) The oxidizing gases can release reactive oxygen which can 
facilitate the growth of YBCO films with desired oxygen content. 
A p p a r e n t l y , nitrogen does not affect the growth. in this 
r e s e a r c h , the effect of nitrogen on YBCO films by DC reactive 
sputtering was under investigation. 
Experimental details 
A number of YBCO films have been deposited on (001) MgO 
substrates u s i n g off-axis DC reactive sputtering. The oxygen flow 
rate was fixed at 3.5 standard cubic centimeter per minute (seem) 
and the ratio of nitrogen and argon was varied. The total 
pressure was kept at 100 mTorr and the substrate temperature at 
660 C . The light emitted from the plasma of the sputter gun was 
brought to an optical spectrometer (Mckee-Pederson MP 1018) by a 
prism and lenses as shown in Fig. 5.12. The light intensity was 
detected b y a photo-multiplier tube the output of which was fed 
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Fig.� 5.12� Setup� diagram� of� the� spectroscopic� diagnosis�
of� the�sputter�plasma� (After�Sou,� 1992).�
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w a v e l e n g t h was scanned from 4 00nm to 580nm. A typical spectrum is 
shown in F i g . 5 . 1 3 . N i t r o g e n emitted band is clearly seen. 
U p o n d e p o s i t i o n , the film was cooled down to 500°C and kept 
at this t e m p e r a t u r e for 30 m i n u t e s . The chamber was then 
b a c k f i l l e d w i t h pure oxygen to 1 atm. and the film was cooled to 
room t e m p e r a t u r e n a t u r a l l y . Film structure was studied b y XRD at 
room t e m p e r a t u r e . T c measurements were performed by 4-probe 
m e t h o d . 
Results 
The d e p o s i t e d films were grown in c-orientation. A typical 
6-26 scan of the films is shown in Fig.5.14. In Fig.5.15 the 
intensities of (001) diffraction peaks, normalized to (006) 
intensity are p l o t t e d for different nitrogen concentration in the 
sputtering g a s . The result shows that the diffraction intensity 
ratios are r o u g h l y the same, except for the high N concentration 
deposited s a m p l e s . The sample 920124 was sent to Beijing to do 
R B S a n a l y s i s . The result is shown in Fig.5.16. The composition 
ratio Y : B a : C u was found as 1.0:2.2:3.0. The thickness is 91nm. 
In Table 5.5, the T c of the film samples is listed. The transport 
properties of the samples are affected by the concentration of 
nitrogen in the sputter gas during growth. The samples 920124 and 
920130 were grown under the same conditions and they have a 
similar T indicating that the experiments are quite consistent, 
c' 
S i n c e T m e a s u r e m e n t s were performed h a l f a year after t h e samples 
c 
w e r e p r e p a r e d , care should be taken in analyzing the results 
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Fig. 5. 13 Emission spectrum of YBCO sputtered at 
chamber pressure of lOOmTorr. 
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F i g . 5.16 Result of RBS analysis of YBCO//MgO. 
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Table 5.5� T。data� of� the� samples� prepared� at� P = 3.5mTorr, 
2 
substrate temperature = 650°C. 
Sample N (seem) Ar(sccm) N 0/(Ar + N ) T (K) 
乙 2 2 c 
920122� 0.00.� 6.50� 0.00� 77.6�
920124� 1.00� 5.50� 0.15� 53.0�
920127� 2.00� 4.50� 0.31� 69.9�
920128� 3.25� 3.25� 0.50� 71.2�
920129� 6.50� 0.00� 1.00� -
920130� 1.00� 5.�50� 0.15� 51.0�
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s t a b i l i t y in d r y a i r . The nitrogen content in these films were 
left u n k n o w n b e c a u s e the required equipment for this purpose was 
not a v a i l a b l e . 
C o n c l u s i o n 
To c o n c l u d e , nitrogen present in the sputter gas would 
degrade the Y B C O films grown on Mg〇 in 〇ff-axis DC reactive 
s p u t t e r i n g . The nitrogen content of the samples is unknown. 
H o w e v e r , the structures of the films are more or less the same. 
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5.1.5. YBCO on SrTiQ (11Q) 
Introduction 
This research has been reported by my collaborator, Mr. Y. S. 
Tang in his thesis (Tang, 1993). As discussed in Chapter 1, 
epitaxial growth of YBCO film with its c-axis in-plane lying in 
one direction on the substrate surface has its advantages. Owing 
to a ^ b ^ c/3 , there are three possible orientations of YBCO on 
STO (110) substrate as illustrated in Fig.5.17. Since the d 
spacings between (110), (103) and (013) planes differ only 
slightly, it is difficult to resolve the diffraction peaks of STO 
(110) and YBCO (013), and YBCO (110) and YBCO (103). Moreover, the 
X-ray beam contains a small fraction of Cu Ka line that also 
2 
complicates the distinction. The d spacings and 20 values are 
given in Table 5.6. Hence, when using XRD, great care is necessary 






Fig. 5. 17 Some possible orientations of YBCO on 
STO (110) substrate. 
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Table 5.6 d spacings and XRD 29 values of STO (hhO), and some 
crystal planes of possible orientations of YBCO. 
Lattice constant of STO = 3.905 A. 
Lattice constants of YBCO ：� a = 3.8185 A , 
b = 3.8856 A and c = 11.6804 A. 
“d spacings (A) X-rays 20 
YBCO (013) 2.750 32.538° 
YBCO (110) 2.725 32.842° 
YBCO (103) 2.725 32.842° 
YBCO (026) 1.3751 Cu Ka 68.134° 
l 
YBCO (220) 1.3635 68.797° 
YBCO (206) 1.3619 68.888° 
32.40° 
STO (110) 2.761 
Cu Ka 32.48° 
2 
Cu Ka 67.82° 
l 
STO (220) 1.381 
Cu Ka 68.08° 
2 
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Table 5.7 lists some published results of epitaxial growth of 
YBCO ‘（110)’ on STO (110) and the methods of structural analysis. 
However many of the methods used are not conclusive in confirming 
the growth of pure YBCO (110). As an example, Linker et al. (1989) 
observed (026) peak in XRD 0-29 scan of (110) films prepared by 
hollow-cathode magnetron sputtering. Only from XRD 0-20 scans, 
they concluded that (110) film was obtained because no peaks other 
than the (110) and (220) peaks occurred. Obviously this sample may 
include some (103) oriented grains, and further' experiments should 
be conducted to distinguish them. In this research, the 
structural properties of YBCO films on STO (110) at different 
substrate temperatures were studied in detail. The transport 
properties and the surface morphology of the films will also be 
presented. 
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Table 5.7 Epitaxial growth of "YBCO (110)" on STO (HO). 
Rf. Technique Substrate C f + t A , * 
Temperature Structural Analysis 
⑴� Pulsed� laser� 0�
deposition� 5 8 0� c� Off-axis� XRD�
Electron beam 0 
[ 2 ] S s ^ C n P o s t - D e a l i n g XRD e - 2 0 scan 
Activated o 
L J J Evaporation 5 3 0 C HHEED 
r A l Pulsed laser
 6 6 3° C Normal XRD 9-20 scan 
L 4 J deposition increased to Raman scattering 
720 C Ellipsometry 
Inverted 
[5] magnetron 705 C Off -axis XRD 
sputtering 
hollow-cathode 
[6] magnetron 700 C Normal XRD 9-20 scan 
sputtering 
— 
* Off-axis XRD : diffraction vector is not parallel to the 
substrate normal direction. 
* Normal XRD : diffraction vector is parallel to the substrate 
normal direction. 
Ref. [1] Zheng et al., 1991 [4] Habermeier et al. , 1991 
[2] Wang et al., 1990 [5] Wu et ai. , 1991 
[3] Terashima et al., 1988 [6] Linker et al., 1989 
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Sample� preparation�
YBC〇� thin� films� were� deposited by Mr. Tang using PLD. For 
more details, please refer to his thesis (1993). The deposition 
conditions are listed as follows: 
Target: 99.9% purity of YBCO (Superconductive Components, 
Inc, Ohio) 
Substrate: STO (110) 
Target-substrate distance: 3cm 
Laser Wavelength: 193nm 
Width: 12ns 
Energy density: 3.7J/cm 
Pulse rate ：�5Hz�
Background� vacuum� of chamber: lcT 5 Torr 
Chamber pressure during deposition: 200mTorr oxygen 
Annealing process: natural cooling in 1 atm. oxygen 
Oxygen purity : >99.6% 
A number of films were prepared at substrate temperatures 
o o 
ranging from 500 C to 720 C. All other conditions were fixed. 
Structural analysis 
The structures of films were characterized by X-ray 
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diffraction (XRD) at room temperature. Various XRD techniques 
have been used to determine the crystal quality and the texture of 
our films. 
i) normal e-26 scan 
Figs. 5.18(a)-(f) show the diffraction patterns of some YBCO 
films which were grown on STO (110) substrates at different 
substrate temperatures. The diffraction peaks due to YBCO (hk£) 
planes are labeled as Y(hk 幻.� In Table 5.8’ the structural 
properties of some YBCO films obtained by the normal e-20 studies 
are summarized. 
Finer 9-29 scans were performed for a smaller 29 range (67°< 
O 
2 0 - 7 0 ) to display the peaks of STO (220), YBCO (220), YBCO 
(206) and YBCO (026). Fig.5.19 shows the fine-scan pattern for 
the film grown at 525 C. The peaks correspond to STO (220) / YBCO 
(026) and YBCO (220) / YBCO (206) respectively. These two pairs 
of peaks cannot be resolved with a conventional diffractometer. 
The peak marked by "S" (20 ^ 68.08°) is caused by the Cu K 
a.2 
X-rays (X = 1.5443 A). This was confirmed by performing a double 
crystal diffraction experiment in which no such splitting was 
observed for this sample. 
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1°4"TS = 720°C I | 
1 jMrnJlmMm^SM^hiMAmMmJ、 
1。I 650。C i 
• 1 5 7 W 
① T I 丄 c 1°4" 550。c h f 
“ r ^ J L J L ^ J i 
1041 500。C STO(HO) STO(220) | T 
0 10 20 30 40 50 60 70 
29 (degree) 
Fig.� 5.18� X-ray� diff�ractograms� of� YBCO� grown� on� STO�
(110)�at�different substrate temperature T . 
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Table 5.8 Structural properties of YBCO films grown at different 
substrate temperatures. 
F i a 5 q Substrate ，� a� o f�
8 ' Temperature T e x t u r e rocking curve , 
of (220)/(206)° 
(a) Sample 1° 500°C amorphous 
(b) Sample 2 525°C (110)� 0.17。�
(c)� Sample� 3 550°C , ( 1 1 0 ) n 4 0 ° 
& (013) U . 4 U 
(110) 
(d) Sample 4 600°C & (103) 1.05° 
& (013) 
(e) Sample 5 650°C &� ((二； 
(f)� Sample� 6 720°C & { 二� - - -
a:� The� texture� data� are obtained by <f> scan, 
b: Rocking curve analysis is given in below 
c: Thickness of this film is about 400 A. 
d: FWHM of the (110)/(103) diffracted peak. 
151 
/ 1 ST〇(220) 
20000 - / 
I 1 
” 1 0 0 0 0 - 、 s 
丫 (220) I J 人 入 I 
67 67.5 68 68.5 69 69.5 70 
29 (degree) 
Fig.� 5.19� A�fine� scan�of�X-ray�diffractogram� showing�
splitting� of�STO� (220)�diffraction� peak.�
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The� intensity� of� the�peak� at�29� �^68.8。� drops�when substrate 
temperature increases. This peak may be associated with either 
YBCO (220) or YBCO (206). However, the structure factors of (206) 
and (220) diffractions differ dramatically. (The powder 
diffraction pattern of YBCO system is listed in Appendix A.) This 
implies that the peak at 20 - 68.8° is mainly due to (220) 
diffraction. Therefore, we conclude that the amount of (110) phase 
in the films diminishes with increasing substrate temperature. 
This was also confirmed by texture analysis which will be 
discussed later. 
ii) rocking curve 
Table 5.8 shows the FWHM of these rocking curves. To 
determine the instrumental resolution, we also measured the 
rocking curve of a typical STO substrate as reference. The average 
FWHM of A/2 STO (220) substrate was found to be 0. 11°. In most 
cases, the FWHM of an oriented film reduces as substrate 
temperature increases because higher substrate temperature results 
in better crystallinity. But one can see in Table�3.8，�the FWHM of 
the films increases with substrate temperature ranging from 0.17° 
at 525°C to 1.05° at 600°C. The broadening of the peak implies 
that the film grown at higher temperature is a mixture of 
different grains. In fact, using off-scan technique, a mixture of 
grains of (110), (103) and (013) is confirmed. 
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iii) pole figure 
The pole figure is plotted with contour lines in Fig.5.20. 
The angles between the two YBCO [103] poles and the STO [110] pole 
are both about 0.8° and that between the two YBCO [103] poles is 
1.6°. In other words, STO [110] is situated at the middle of two 
YBCO [103] directions in the twin structure. This shows that the 
two� YBCO〔103)� domains� tilt� at� the� same� angle�with� respect� to� the�
substrate STO (110) planes. The tilting of YBCO [103] can be 
understood in terms of the difference of a and c/3. As shown in 
Fig. 5. 21, the angle a- tilted is given by 
tan(450-tr) = _ 
c/3 
For this sample, a = 3.82 A and c = 11.70 A (see� (vii))，this�
gives� <r = 0.6° which agrees fairly well with our experimental 
result. In addition to the YBCO (103) grains, this sample 
contains also (013) grains and the corresponding 20 value is very 
similar to STO (110). However, only one peak shows up in 
Fig.5.20(b). The tilting angle of the YBCO [013] pole with respect 
to the STO [110] pole should be less than 0.1°. Moreover, the STO 
(110) diffraction has a much higher intensity than the YBCO (013) 
diffraction. That makes the measurement much more difficult than 
in the (103) pole-figure study. 
iv) off-axis scan 
To check whether the film contains� (103)/〔013)� grains,� the�
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Fig.� 5.20(a)� Pole� figure� of�YBCO� (103)�of� sample� 5.�
——,__- 2； 00 000 ZOO 4^00 
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Fig. 5.20(b) Pole figure of STO (110) of sample 5. 
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YBCO[103] STO[HO] \ 
STO(110) Substrate 
Fig. 5.21 Diagram showing the tilting of YBCO [103] 
from STO [110]. The angle is exaggerated, 
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diffraction vectors along either STO [100] or STO [010] direction 
W e r e S t u d i e d - A s s h o w n 仏�Fig.�5.�17,�the�c-axis�of�a� (103)�or� (013)�
film� points� along� STO [100] or STO [010] direction (at� 45。from�
the� (110) substrate plane while the c axis of a (110) film lies 
along the STO [001] direction (on the substrate surface). Hence 
the existence of (103) and/or (013) grains can be confirmed.� (00幻 
diffraction� peaks� are observed along either STO [100] or STO [010] 
direction. But this experiment cannot distinguish (103) from (013) 
grains. 
A 0-scan from 0° to 360° with sample tilted by 45° (i.e. x = 
45 0) was performed. Two peaks with 180° apart were observed. This 
is expected because STO is cubic and the peaks are due to STO 
(200) or (020) diffractions. At these two 0 values (called <b and 
l 
for convenience of future discussion), the STO (100) and (010) 
planes are aligned with the diff ractometer. At these <t>/x settings, 
we performed the 0-20 scans. Figs.5.22(a)-(f) show the diffraction 
patterns for the films growing at different substrate 
temperatures. These diffraction patterns at d> and d> are similar 
1 2 
because there are twinnings in all these three phases (the proof 
will be given below). In Figs. 3.7(d) and (f), the YBCO (00£) 
peaks, 1=1 to 7, are clearly seen. This indicates that samples 4 
and 6 contain (103)/(013) grains. Sample 6 has a higher YBCO (005) 
peak intensity than sample 4. This reflects that sample 6 has a 
higher percentage of (103)/(013) grains than sample 4. The 
situation is similar for samples 3 and 5. There is a tendency that 
the YBCO (005) diffraction intensity increases with increasing 
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104 -TS = 720°C Y(020) Y(200) 
Y (U lU) \ X 
^ y p J 0 0 ^ v m ) Y ( 0 J Y Y(007) 
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Fig. 5.22 X-ray diffractograms of different samples 
tilted at 45°. 
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S U b S t r a t e t e m p e r a t U r e ' S o ' • percentage of (110) grains in the 
sample decreases at higher substrate temperature, in line 
with other findings described below. 
I n F i g S - 5 ' 2 2 ( d ) a n d (f)’ YBCO (200) peaks are clearly seen. 
However, in Fig. 5.22(b)’ the peaks of STO (200) and YBCO (200) are 
V e r y C l 0 s e a n d a s s h o w n ^ Fig. 5.23, they can only be resolved by 
a f i n e r s c a n . I n t h i s� c a s e， t h e� YBCO� (200)� peak� is� shifted� to� a�
lower� 20� value because of the expansion in the a-axis. This 
problem will be discussed in more detail below. 
In these figures, YBCO (020) peak is masked by the strong STO 
(200) peak. The 29 values for YBCO (020) and STO (200) are 46.725° 
and 46.47° respectively. For sample 1’ no YBCO� (00幻� nor� (200)�
peak� is observed as shown in Fig. 5.22(a), It indicates that the 
film does not contain (110), (103) or (013) grains. This result 
was also verified by the 0-scan of (102) diffraction (see below). 
Therefore this sample is amorphous. 
Besides, the YBCO (102) diffraction was employed to confirm 
the existence of (110), (103) and (013) grains. To observe the 
(102) diffraction, the sample was tilted by a certain angle x and 
then a 0-scan was performed. For (110), (103) and (013) grains, x 
=36.7°, 78.7° and 22.8 respectively. The <(>一scan�pattern� of� the�
(102)� diffraction� for� sample� 4.�in�Fig.� 5.24.� In� this� sample,� all�
the� (110)，� (103)� and� (013)� grains� exist.� The� 0-scans� of� other�
samples� were� also� employed� to� confirm� the� existence� of� (110),�
(103)� and� (013)�grains.� In�samples� 5�and� 6,�no�peaks�were observed 
at x = 36.7°. That means that (110) grains do not exist in 
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Fig.�5.23� A�fine� scan�of�X-ray�diffractogram� at ^=45°. 
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S a m p l e S 5 a n d 6 . T h i s fact implies that the increase in the 
substrate temperature enhances the growth of (103) and (013) 
grains and suppresses that of (110) grains. The FWHM of the peaks in 
the scan for ( 1 10) grains increases with substrate 
temperature from� � 0 . 6 。�for� sample� 2� to ~ 1° for sample 4. This 
indicates that the growth of (110) is better at lower substrate 
temperature. For sample 1, these 0-scans were also performed but 
no peak was observed for all three ^ values. This confirms the 
non-existence of the (110), (103) and (013) grains. The texture of 
the samples is summarized in Table 5.8. 
In Fig. 5.24, there are four peaks in the (102) 0-scan 
patterns for (013) and (110) grains { X ^�22.8。，�36.7。）�while� there�
are� only� two� peaks� for� the� (103)� grains 二 78.7°) marked by P 
and P, separated by 180°; the peaks in each pair are separated by 
about 85.5°. These angles can be calculated (Tang, 1993). The 
O 
result is 86.07 which is compatible with the experimental result 
85.5°). The other pair of peaks is 180° separated from this 
pair indicating that twinning exists in these (110) grains. This 
is expected because the lattice constants of YBCO a = b = c/3. 
According to the phase diagram of YBCO (Shaked et al.,1993), our 
deposition conditions (substrate temperature and oxygen partial 
pressure) favor the tetragonal phase of YBCO (YBa Cu 0 ). To 
2 3 6 
obtain the superconducting orthorhombic phase (YBa 2Cu 30 7), must 
be taken in during the cooling process. There is equal probability 
for oxygen atoms to enter into the equivalent a and b-axes and 
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Fig. 5.24 0 scans of YBCO (102) diffraction on sample 4 
at (i) r=22.8 0, (ii) ^=36.7°, and (iii) 
^=36.7°. (iv) (f> scan of STO (200). 
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hence twinning occurs. In order to study the epitaxial 
relationship of the films, the 0-scan of the STO (200) diffraction 
for each sample was also performed. The STO (200) diffraction 
peak is situated in the middle of the P peaks (Fig. 5.24). This 
implies that YBCO [100] lies along STO [100] and [010]. 
(103) grains exist in samples 4’ 5 and 6. The two peaks in 
the 0-scan pattern are at the same 0 positions of the STO (200) 
diffraction peaks. Twinning also exists. From this, it is 
concluded that (103) phase grows with YBCO [010] II STO [001] or 
[001]. 
For (013) grains, only (102) and (102) contribute in the 
0-scan of (102) diffraction. However, four peaks are observed, the 
pair marked by N is 180° apart from the other pair marked by N,. 
The angle between the peaks N can be calculated by a similar 
procedure as in the case of (110) grains. The result is 130.3° 
which is in line well with the experimental result 130.2°). As 
expected, twinning also exists. 
v) grazing incidence X-ray diffraction 
The in-plane structure of samples 2 and 5 were studied by 
GID. The experimental arrangement was the same as in the texture 
analysis, x was set to a very small value, usually ^ 1 0-20 
O 
scans were performed at <f>^  and + 90 ). Figs. 5.25(a) and (b) 
o 
show the GID patterns for sample 2 at�� a n d� +�90� ).�As� shown�
above, sample 2 has a pure (110) orientation. In Fig. 5.25(a), two 
peaks are observed, which are corresponding to the expected (110) 
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^ ( 2 ' 0 ) d i f f r a C t i 0 n S ' The d spacings calculated from these peaks 
C l° S e t 0 t h a t d P i l o u s texture analysis where the 
P a r a U e l t 0 t h e f i l m surface are studied. This indicates 
that the film may be free of strain in the volume irradiated in 
GID.� (00幻� peaks� are� seen� in Fig.5.25(b)’ from which c may be 
found out. For sample 5 ((103)/(013) oriented), GID were also 
performed at ^ and + 90°) and the results were shown in 
Fig.5.26(a)/(b). As marked in the figure (a), (103)/(013) and 
(206)7(026) peaks are observed. Similar to sample 2’ the d 
spacings are almost the same as those obtained in previous texture 
analysis. In Fig.5.26(b), the (200) and (020) peaks are observed 
and thus a and b may be calculated. As discussed in the previous 
section, b is difficult to find because the (020) peak is always 
masked by the strong STO (200) peak. However in GID, X-ray can 
only be diffracted by the surface layer (about several tens nm) 
and thus no substrate signal could be detected. Hence we may 
measure b directly from the (020) peak. 
vi) percentage of (110) phase 
The amount of (110) grains in the samples was found from the 
(102) diffraction intensities of (110), (103) and (013) grains. 
For a quantitative study, the x angle correcting factors for these 
diffractions should be taken into account. These include the 
defocusing and absorption factors. The defocusing effect arises 
from the tilting of the sample, i.e., the surf ace plane of the 
sample is not perpendicular to the diffraction plane. This results 
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Fig.� 5.25 GID pattern of sample 2. 
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Fig.� 5.26 GID pattern on sample 5. 
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in b r o a d e n i n g of the diffracted beam. Because of the fixed 
receiving slits, the measured intensity (at ^ ^ 90°) is smaller 
than that measured at ^ = 90°. Gale et ai. (1960) derived a 
calibration function C(9,^) for the intensity ratio U<p)/l(0) when 
the sample is tilted by an angle the function C(0,^) was 
calibrated by using Si (100) and (111) wafers. In addition, the 
absorption effect must be considered. Wu et al. (1991) ignored 
the absorption effect. The absorption factor A is given by 
, (-2jut 1 
1 - exp —r1-~ 
A = S l n ^ 
. -2ut 
1 一�exp 广� ^�sin�9�V� J�
where� cos t = v sin 20 •�co s、+� cos20� ,�
T = the angle of the incident X-ray beam with the 
surf ace plane of the sample, 
fi = the linear absorption coefficient of the specimen, 
and t = the thickness of the specimen. 
The denominator is to normalize the factor to 1 at x = 90°. The 
measured intensity at x, I (^ ：),�is�given by 
I(^) = Fix) . 1(^=90°). 
where F(^) = C(^) -A. The graph of F(^) against x is shown in 
Fig.5.27. 
Hence the percentages of the three grains in a sample is 
calculated by 
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Fig. 5.27 Function of intensity ratio factor F(^). 
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W e (hki) 1 S t h e ^tensity of (102) diffraction from (hk 幻 
grains,� (hk£)� denotes� (013),� (110)� and� (103).� Fig.5.28� shows� the�
variation� of� the� percentages� of� the� three� grains� with� the�
substrate temperature. It can be seen that the (110) orientation 
dominates at substrate temperatures below 630°C. 
vii) lattice parameters 
The centers of the diffraction peaks were found by using a 
peak fitting software 'Peakfit'. By tilting the sample to 
different x values, diffraction peaks (005), (200), (102) and 
(220)/(206) were used to find the lattice parameters of the 
samples. (020) diffraction peak was observed in some samples by 
GID from which b could be directly measured. Moreover, by the 
optimal x positions in the 沴 一 s c a n s� of� the� (102)� diffraction� in�
finding� (110),� (103)� and� (013)� orientations,� more� information�
could be obtained. The results are summarized in Table 5.9. 
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Fig. 5.28 Variation of percentages of (110), (103) and 
(013) phases with substrate temperature. 
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Table 5.9 Lattice parameters of the samples at different 
substrate temperatures. 
Sample a (A) b (A) c (A) 
2 3. 87 3.87 11.74 
3 3.85 3.88 11.76 
4 3.83 3.90 11.71 
5 3.82 3.89 11.70 
6 3.83 3.89 11.71 
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T measurement 
- c —— 
The T c of the films measured by Mr. Tang are summarized in 
Table 5. 10.� 、 i s� defined� as� the� temperature� at� which� the�
resistance� drops� to� one-half� of� its� value� in� normal� state� at� the�
onset� of� the� transition.�Samples� that�contain�mainly� (110)�grains�
(sample� 2� and� 3)� show� semiconductor-like behavior and no 
transition to superconducting state was observed down to 12 K. 
From Table 5.9, there is an increase in the length of a-axis for 
samples 2 and 3. They may probably be tetragonal owing to the 
lower growth temperature (525°C for sample 2 and 550°C for sample 
3). Films grown at higher temperatures (650°C and 720°C) show a 
sharp transition and the T recorded are as high as 90.0 K and 
87. 8 K. 
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Table 5.10� 、� of� the�films� grown� at�different� temperatures.�




4 600 79.3 
5 650 90.0 
6 720 87.8 
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Morphology 
The SEM results indicate that the films have tiny droplets 
(diameter ^ 1 fim) on an otherwise smooth surface. This is a common 
problem for films deposited by excimer laser ablation. This 
drawback can be overcome by using plasma-assisted deposition 
(Witanachchi et al. y 1988) or by using an off-axis deposition 
geometry (Holtzapfel et al., 1992). 
Despite the laser droplets, samples 2 to 4 have smooth 
surfaces (Fig.5.29 (a)-(c)) while the others have rough surfaces 
(Fig.5.29 (d)-(e)). This difference is due to the orientation of 
the films. Cracks along YBCO [llo], with about 4 jum separation, 
are observed in sample 2 which is a pure (110) film. Recently 
Olsson et al. (1991) observed the same cracks in. (110) films and 
explained the cracks in terms of the different thermal expansion 
coefficients of YBCO c-axis and STO. In Fig. 5.29 (d), the grains 
are in rectangular shape with the longer sides all lying in the 
same direction. As it is (103)/(013) oriented, the c-axis points 
45° to the surface plane. Since [100] and [010] are fast growing 
directions for YBCO, the elongated side of the grains is in the 
direction of a and/or b-axis. Hence, the shorter side is along 
[301] and/or [031]. When the film grows, the grains start to 
coalesce and a rough surf ace is resulted since two grains 
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Fig 5.29 (a) SEM graphs. The top one is for sample 2. 
The middle one is for sample 3 and the 




Fig. 5.29 (b) SEM graphs. The top one is for sample 5 
and the bottom one is for sample 6. 
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Composition 
Sample 2 and sample 6 were sent to Institute of Physics,. 
Chinese Academcy of Science in Beijing to do RBS. The composition 
°f Y : B a : C u w a s f o u n d to be 1.0:1.47:2.53 and 1.0:1.92:3.15 
respectively. The film is Y-enriched when it is grown at low 
temperature. The composition deviated from 1:2:3 and this may 
explain the loss of superconductivity. However, this film was 
under prolonged annealing treatment that might result in change of 
composition. 
Discussion 
All films grown at substrate temperatures higher than 450°C 
are in a tetragonal phase at the growth temperatures. These 
samples absorbed oxygen to form the superconducting orthorhombic 
phase when cooled in 1 atm. 0 after deposition. If oxygen enters 
the axis along STO [001], then orthorhomic YBCO (103) phase is 
formed. Otherwise, (013) is developed. Since the formation of 
(103) and (013) grains depends on which axis the oxygen atoms are 
absorbed during oxidation, it is likely that both cases can occur. 
Thus it seems impossible to grow pure (103) or (013) oriented 
films. It is of interest to note most authors have neglected this 
(013) phase simply because they did not perform detailed texture 
analysis. 
Although pure (110) YBCO films were fabricated at substrate 
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temperature 525°C, these films"are not superconducting. Zheng et 
a 1 ' ( 1 9 9 1 ) o b t a i n e d similar result. The temperature range for 
growing YBCO films with pure (110) orientation is very narrow 
(less than� 50。C).� At� lower� temperature (500°C), the as-deposited 
films are amorphous. And (013) grains appear in films grown at 
O ， 
550� C.� The� higher� the substrate temperature, the less the 
percentage of the (110) grains presents. Terashima et al. (1988) 
observed a similar trend and explained it by the different thermal 
expansion coefficients of YBCO along a_ and c-axes. They argued 
that at temperature less than 570°C, the lattice misfit between 
YBCO and STO along the c-axis is smaller and thus the c-axis of 
the film should lie on the substrate surface resulting in a (110) 
orientation. For temperature higher than 570°C, lattice misfit 
between YBCO and STO along the a—axis becomes smaller and thus 
(103) orientation is preferred. The results show the same thing 
except with a temperature shift from 570 C to about 630°C. This 
discrepancy may be due to the different methods of the temperature 
measurement and different deposition conditions. 
Different annealing processes were employed in an attempt to 
improve the superconductivity of the (110) YBCO films. First, 
some (110) films were annealed for about 10 minutes under an 
oxygen pressure = 200 mTorr and at temperature ranging from 600 °C 
to 720°C. After the annealing, the chamber was back-filled with 1 
atm. oxygen and the sample was cooled to room temperature. After 
annealing, XRD shows� (00幻� diffraction� peaks� in� addition� to� the�
(110)/(103)� and� (220)/(206)� peaks.� This� indicates� the� change� in�
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structure during annealing. In addition, we also tried long time 
(13 hours) annealing and high temperature (600 to 900°C) RTA 
treatment. We observed no improvement in superconductivity of 
(110) films. Since superconductivity was not obtained by 
different oxygen annealing methods, we believe that the low T of 
c 
our (110) films is not because of insufficient oxygen content. It 
may be due to the oxygen disordering in the basal copper oxide 
planes. 
To the best of our knowledge, no superconducting YBCO (110) 
films could be grown at low substrate temperatures using the 
pulsed laser deposition technique. However, several research 
groups (Enomoto et al. , 1987; Elkin et al. , preprint) have 
fabricated (110) films using bi-layer method by sputtering and 
high T values were recorded. In this method, a thin layer of 
YBCO was first grown at a low substrate temperature which favors 
the formation of (110) orientation and then the substrate 
temperature was increased to a higher value without interruption 
of the growth process. Elkin et al. . (preprint) explained that 
the growing film increases the absorption of radiation and thus 
substrate temperature rises during the growth. So the temperature 
regime is like the one used for their pulsed laser deposition. We 
have used such non-interrupting bi-layer method to grow YBCO films 
on STO (110). YBCO film of about 400 A was deposited at 525°C as 
a seed layer and then the substrate temperature was increased to 
650 °C at a rate of about 28°C/min without interrupting the 
deposition process. All other deposition parameters were kept the 
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S a m e a S b e f o r e - A f t e r deposition, the chamber was filled with 1 
atm. oxygen and the heater current was switched off immediately. 
The sample was furnace-cooled to room temperature. The texture of 
the film was characterized by XRD. Very interestingly, the film 
contains no (00£) orientation and this is in sharp contrast with 
the result of the (110) films annealed at 650°C. This seems that 
the (00 幻� phase� is� formed� during� prolonged� annealing.� By� the�
0-scan� of� (102)�diffraction,� the� sample� was� confirmed� to�have� 99%�
(110)� oriented� grains.� There� are� a� small� amount� of� (103)� grains�
and� no� signal� for� (013)�grains�was�detected.� The�T� of� the� sample�
measurement� showed� that� the� resistance� started� to� drop� at�
temperature about 92.2 K and zero resistance was obtained at 81.8 
K. The mid-transition point was about 90.3 K. This is as high as 
that of our (103)/(013) oriented films. 
Conclusion 
Epitaxial YBCO (110) and YBCO (103)/(013) thin films on STO 
(110) have been successfully fabricated by pulsed laser 
deposition. The structure of the films were characterized in 
detail by a 4 circle X-ray diffractometer to distinguish the three 
types of grains. As a result, YBCO grows in (110) orientation at 
low temperatures, and in (103) and (013) orientations at high 
temperatures. At moderate growth temperatures, three phases 
coexist in the sample. 
Good YBCO films with a pure (110) orientation were obtained 
o 
at substrate temperatures within a small window around 525 C. The 
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films grew epitaxially with YBCO (110) II STO (110) and YBCO [001] 
" S T ° [ 0 0 1 ] . However, these films are not superconducting. No 
improvement in superconductivity was observed even after various 
annealing processes. We believe that this can be attributed to the 
oxygen disordering rather than insufficient oxygen content. 
A superconducting YBCO film with (110) orientation was 
fabricated by means of a modified bi-layer deposition method in 
which a thin (110) layer was first grown at low substrate 
temperature and then the substrate temperature was increased 
without interrupting the deposition process. Zero resistance was 
obtained at 81.8 K. 
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5.2 PZT films 
5.2.1 PZT on MgO 
Films epitaxially grown on single crystal sapphire (Adachi et 
ai.,1986), MgO, (Okuyama, Usuki and Hamakawa, 1980; Iijima et al., 
1986) and� SrTi〇3� (Ishida et� ai.,1978)� have been reported. 
Techniques such as MOCVD (Ainger et ai.,1990), sol-gel technique 
( X u e t ,1990), and sputtering (Matsubara, Shohata and Mikami, 
1985) have been used in fabrication of PZT films. However, 
sputtering has some disadvantages, such as low deposition rate and 
stoichiometric changes in the film from the target. MOCVD and 
sol-gel technique require special material sources. Recently, 
pulsed laser deposition (PLD) has been used to produce epitaxial 
PZT film in-situ successfully. 
Experimental details 
A commercial PZT transducer with its electrodes removed was 
used as a target. Its composition was determined by EDX 
(discussed in Chapter 4) to be Pb(Zr Q 4 g T i Q 5 1 ) Q 0 ArF excimer 
laser pulses (wavelength = 193nm , FWHM = 12ns, pulse energy = 
150mJ, repetition rate = 5 Hz) were focused onto the PZT target at 
an angle of about 45 and a heated substrate was positioned at a 
distance of about 3cm from the target to catch the evaporated 
materials. The laser energy density on the target was about 3 
J/cm . 
The deposition experiment was carried out in a small 
-6 
stainless steel vacuum chamber which was evacuated to 10 Torr 
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prior to deposition with a diffusion pump buffered with a liquid 
nitrogen trap. During deposition, the chamber was in 200 mTorr�〇2�
pressure.� The� films� were� deposited� on�polished� (100)�MgO� (optical�
grade),� at� temperatures� ranging� from� 500� to 750°C. Subsequent to 
this, the chamber was back-filled with 0 2 to 1 atm with the high 
V a c u u m v a l v e closed, and then the deposited film was cooled to 
r o o m ^mperature at a rate of about -100°C/hr. The deposition 
rate was about 0.3nm/s and the typical thickness is 300nm. The 
color of the films is yellowish. 
Structural results 
The structure of the films was studied with a four-circle 
diffractometer. All XRD experiments were carried out at room 
temperature. 
A pyrochlore phase appeared from 665°C to 675°C at 200 mTorr 
0 pressure. At other temperatures ranging from 500°C to 750°C 
the films were not good except the one (920521-1) grown at 525°C. 
Fig. 5.30 shows the 9-20 scan of the films at different 
temperatures. The film 920521-1 was found to have (001) 
orientation. The lattice constant c is 0.409nm. The pyrochlore 
phase was estimated to be less than 0.05%. In the 必 - s c a n� of� the�
(101)� diffraction� of� the� film� (Fig.� 5.31),� four� peaks� were�
observed (39°, 129°, 219° and 309°). The FWHM of each peak is 
0.8°. Four peaks with 90° separation indicate that there is no 
misorientation. The 0-scan of the (101) diffraction of the 
substrate is similar to that of the film. The FWHM is 0.2 • This 
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Fig.� 5.30� X-ray�diffractogram� of�PZT�film�grown� on�MgO�
(001)�at�different� temperature� T�.�












































































































indicates that the film matches with the basal plane of the 
substrate without any twisting. Other directions of the 0- scans 
W e r e c a r r i e d o u t a n d t h e value of the lattice parameter a was found to 
be 0.407nm. The sample 920521-1 was sent to Beijing to do RBS.. 
The composition result is Pb:Zr:Ti = 1.0:0.6:0.7. The thickness 
is 406nm. 
Discussion 
Owing to the misfit between the film and the substrate�Mg〇�
(a = 4.203), the lattice parameter a is enlarged and the c 
parameter is reduced. 
The films deposited on� Mg〇�suffer� horizontal� tensile� stress�
because the lattice parameter a of the film is always smaller than 
the a in MgO. In general, lattice misfit should be considered at 
o 
the condition of film fabrication. At 525 C the lattice parameter 
of MgO is 0.423nm whereas the lattice constant of pyrochlore (the 
PZT phase at 525°C) is 0.406nm. So the lattice misfit is 4.1% at 
film making condition. 
From the phase diagram (Fig. 5.32) of bulk PZT, the Curie 
temperatures lies between 230 C to 480°C. In our experiment, the 
temperature during deposition was above 500 C and so the phase 
deposited on the substrate should have a cubic structure. When the 
film was cooled down, the phase changed from cubic to tetragonal 
or rhombohedral. The phase transition is of first order as 
confirmed by DSC measurement. However, residual pyrochlore phase 
does exist in the films at room temperature. The large value of 
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Fig. 5.32 Phase diagram of PZT. (after Jaffe, Cook and 
Jaffe, 1971). 
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FWHM (4°) and weak intensity ( 1 % - 0 . 1 % ) of pyrochlore signal 
S h° W S t h a t P y r ° C h l o r e h a s grain size. This reflects the 
metastable nature of pyrochlore phase at room temperature. 
Conclusion 
In conclusion, PZT films have been grown epitaxially on 
(001) MgO. However the quality of the PZT film can be improved by 
using a better lattice matching substrate. 
5.2.2 PZT on spinel (Ling et al.,1993) 
Epitaxial growth of PZT on single crystal sapphire (Adachi 
et al.,� 1986)，�and�MgO� (Lee,�Safariand� and�Pfeffer, 1992; Takayama 
and Tomita, 1989) have been reported. As shown in Table 5.11, 
these substrates do not match PZT very well. It is clear that 
spinel should be a better choice because the in-plane lattice 
misfit is only 0.1%. The lattice misfit is defined as 5a/a where 
5a= a - a and a=(a + a )/2; a and a are the lattice parameters s p s p s p 
of the substrate and the bulk PZT, respectively. For spinel a /2 
s 
was used in calculation, such a misfit remains almost constant 
due to similar thermal expansion. 
Experimental details ‘ 
The deposition conditions were similar to the case of 
PZT//MgO which has been described in Section 5.2.1. The spinel 
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substrates were prepared from a single-crystal grown by Union 
Carbide Corp. using the Czochralski technique. The surface is 
polished. The composition determined by EDX is MsOCAl 0 ) 
2 3 1. 08' 
The films did not grow well on the as-received substrate. The 
growth was improved if the substrates were first washed with 
dilute HN0 3 and then annealed at high temperature (900°C) in air. 
Reproducible results were achieved when the substrates were 
annealed in pure oxygen gas. Odd cut spinel as-received 
substrates without ^  any treatment were also used in PZT film 
deposition. The result was promising. The typical thickness of 
the films was 300nm. As-deposited films are transparent and 
yellowish. Some of the films were studied with a scanning 
electron microscope. Only those PZT films with a pure perovskite 
phase possess very smooth surfaces. The appearance of the 
pyrochlore phase is associated with a rough surface morphology. 
This is expected because such a phase has a lattice parameter a = 
1.03nm which does not match the spinel. An AFM (Nanoscope III) 
was also employed to measure the roughness and grain size of the 
best film deposited on spinel. The grain size is lOOnm and the 
roughness is about 5nm. The RBS was also employed. The 
composition is found as Pb:Ti:Zr = 1.0:0.65:0.65. The thickness 
is 302nm. 
The structure of the films was studied at room temperature 
using XRD. The effect of the substrate temperature (T s) on the 
growth on acid etched spinel is illustrated in Fig. 5.33. In these 
e x p e r i m e n t s , the chamber pressure� (P〇)wa s� kept� at� 200mTorr.�
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Fig. 5.33 X-ray diffraction patterns of PZT films on 
(100) spinel as a function of substrate 
temperature T s. The PZT (001) peak is 
overlapped with a weak (A/2) harmonic peak of 
the substrate (004) diffraction [denoted by 
S(004)]. P: pyrochlore phase. 
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Only when T s was near 525°C were the deposited PZT films of pure 
perovskite phase grown epitaxially on (001) spinel. At other T a 
s 
small amount of unwanted pyrochlore (222) peak was observed. The 
P y r O C h l ° r e P h a s e C o u l d b e R d u c e d by using higher oxygen pressure 
during growth. A film deposited at T =600°C, and P =1 Torr is as 
3 °2 
good as that grown at Ts=525°C and P 0^200mTorr. Both 0-29 scans 
and 0-scans of the diffraction peaks: (001), (002)， （101) 
. ( F i g . 5 . 3 4 ) ,� (102),� (111),� (201),� (202),� and� (121)/(211)� were�
performed.� The� "results� show� that� as� expected,� the� (001)�
perovskite� plane� of� the� PZT� films� aligns� very� well� with� the� (001)�
spinel substrate. The lattice parameters of the film were found 
to be a=0.405nm and c=0.408nm. These experiments indicate that 
epitaxial growth with pure perovskite structure on spinel can be 
achieved but there exists a stringent restriction on the substrate 
temperature and oxygen pressure. 
The 0-20 scans of PZT films on odd cut as-received substrate 
is shown in Fig.5.35. Owing to the geometrical restriction of the 
XRD, only (111) and (101) planes could be studied. The <f> scans 
ensure the growths are epitaxial and the quality is the best when 
T s=550 C. At other temperatures, a small amount of pyrochlore 
phase appears. 
Discussion 
Because of the smaller lattice misfit, the PZT films grown on 
spinel are better than those on MgO. Such a small misfit remains 
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Fig. 5.35 X-ray diffraction patterns along [101] 
direction of PZT films grown on odd-cut 
spinel as a function of substrate 
temperature T s. The inset illustrates the 
crystal orientation. N is the normal of 
the substrate surface. 
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525 0C, the growth temperature. On the contrary, the misfit for 
MgO is much larger and the situation deteriorates at higher 
temperatures because of the large difference in the thermal 
expansion coefficients. For comparison, results are summarized in 
Table 5.12. The small FWHM of 0-scan illustrates high quality 
samples. 
Conclusion 
High quality PZT films have been grown epitaxially on (001) 
spinel but there exists a stringent restriction on the substrate 
temperature and oxygen pressure. As expected, the growth on 
spinel is better than that on MgO because of much smaller lattice 
misfit. Epitaxial films on spinel indicate that other growth 
directions can be obtained if the substrates are prepared with 
suitable orientation. 
194 
5 - 2 - 3� High� temperature� structural� transition� of�PZT� films�
Introduction�
In� Sections� 5.2.2� and� 5.2.1� (Ling et� a』.，1993),� we� reported�
that� epitaxial� PZT� films� can be successfully fabricated on MgO and 
spinel. However, their phase transitions have not yet been 
studied. From the phase diagram of bulk material, PZT (x ^ 0.5) 
at room temperature has a tetragonal perovskite phase with 
ferroelectric property. As the temperature goes up, it will 
undergo a phase transition and become a cubic phase with a 
paraelectric property. So ferroelectricity is closely related to 
the lattice structure. 
The common ways to determine the phase transition point are 
to measure the thermal expansion, dielectric constant, hysteresis 
loops and lattice constants as a function of temperature. Some of 
them require deposition of electrodes because they depend on 
changes in temperature dependence of electric properties (e.g., 
polarization and dielectric constant). However, there are two 
major drawbacks of using electrodes (usually Pt): 
(1) any electrode between the substrate and the ferroelectric 
film would simply block the epitaxial growth of film on that 
substrate; and 
(2) the phase transition is sensitive to microstructure, dopant 
concentration and especially, the strain and stress. For example, 
it is shown that compressive stresses shift the transition 
temperature (T ) of BaTiO films (Desu, 1993). It is apparent 
c ^ 
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that any electrode-film interface will induce strain and stress 
which eventually lead to the shift of T 
c 
As a result, methods not requiring any electrode should be 
considered. Recently, Kwok and Desu used an optically leveraged 
laser-beam apparatus to measure the stress of ferroelectric films 
and hence determine their T ^ (Kwok and Desu, 1993). Instead of 
looking at the stress of the film as Kwok and Desu did, we studied 
the crystalline structure and quality, which were measured by high 
temperature X-ray diffraction (HTXRD) as discussed in Section 
4.1.1. In addition to the direct measurement of the lattice 
parameters at different temperatures, one can determine the 
structural phase transition by measuring the full width at half 
maximum (FWHM) (Mukhortov et al.,� 1981)，� peak� intensity� (Itoh,�
Ukeda and Nakamura, 1992; S. Ahmed et al. , 1989) and peak area 
(Yoneda et al.,1993). Since the structural transition is closely 
related to the transition of ferroelectricity, the ferroelectric 
phase transition can then, be determined. The Curie temperatures 
reported for Pb(Zr Q ^^^q� 5)〇3 b u l k material vary from 410°C to 
350°C (Sawaguchi, 1953; Jaffe, Cook and Jaffe, 1971; Shirane, 
Suzuki and Takeda, 1952). However, the composition of our 
samples deviated from Pb(Zr Q 5 T i Q� 5 )〇 3.� The bulk sample is Pb : 
Zr : Ti = 1.0 : 0.40 : 0.42 by atomic ratios. The PZT//MgO sample 
is Pb : Zr : Ti = 1.0 : 0.6 : 0.7 and the PZT//spinel sample is Pb 
• Zr : Ti = 1.0 : 0.65 :0.65. Our bulk material has excessive PbO 
while our film samples have a lack of PbO. The PbO deficiency in 
the films is due to the volatility of PbO in sample preparation. 
196 
Different compositions may lead to different T . Moreover 
c ' 
because of the effect of the substrate, ferroelectric thin films 
have some specific properties different from bulk materials (Liu 
1991). Such difference includes shift of Curie temperature 
(Mukhortov et al. ,�1981；�Norton et ai.,1991; Iijima et al. , 1990), 
loss of phase transition (Yoneda et al.,1993) etc. 
Experimental details 
The structural change was measured by a high temperature XRD 
as discussed in Chapter 4. A heater with thermocouples was placed 
on the diff ractometer to obtain the 0-29 data and the 
corresponding temperature of the sample mounted. The lattice 
constant of the sample and its structure was analyzed through 
Scanix (1991 version 2.13 by W. Paszkowicz) and Jandel Scientific 
PeakFit (version 2.01 1990 ASSN Software). Thermomechanical 
Analysis System (TMA) was used to check the thermal expansion 
properties of the substrate. The samples were obtained by pulse 
laser deposition as described elsewhere (Ling et al. 1993). 
The compositions of PZT film on MgO and spinel were found by 
RBS. The composition is Pb : Zr : Ti = 1 : 0.6 : 0.7 for MgO and 
1.0 ：� 0.65� :�0.65� for� spinel.� The substrate (MgO) which was 0.3cm 
x 1cm was mounted on the heater in the chamber. By adjusting the 
(P S, X, the normal of (200) of MgO crystal plane was placed on the 
diffraction plane and made the same angle with the incident and 
diffracted beams. Then the 9-20 scan was performed. The 6-29 scan 
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of the film before heating is shown in Fig. 5.36. The small peak 
next to the very large MgO (002) peak . is the (002) perovskite 
peak from a perovskite structure. 
The lattice constant c of the perovskite structure at room 
temperature was 4.0885A. The film was heated to 400°C at 1 atm in 
air monitored by the thermocouple on the surface of the 
alumina sheet. Then 0-29 scans at different temperatures were 
obtained with the same <f> S* x-
The change in the lattice constant of the MgO was also 
recorded. The thermal expansivity obtained by a thermomechanical 
analysis system (Perkin-Elmer, Model TMS-2) was 15ppm/K which is 
close to the published value (14.5 ppm/K). The lattice constant of 
the MgO (001) was used to determine the temperature of the 
substrate surface and hence the temperature of the PZT films was 
determined. This technique provides an accurate method to pin 
down the real temperature of the film. 
Results 
The lattice constant c of the PZT film on MgO initially 
decreased and attained a minimum at about 300°C and subsequently 
increased monotonically (Fig.5.37). The temperature variation of 
the lattice constant c of the PZT film on spinel was obtained 
similarly. However, since (002) PZT film signal overlaps with the 
strong (004) spinel substrate signal, (001) PZT peak was used to 



































































































































































0.4084 h a 
I •••••••• 
1 i (a) j0 -0 4 6 I 
E 0.4074 K ^ H W J 较 5 o� I� -a�
a� r 、\� io.042� r�
I V . V 心 • •� •� J� 1�
妄 h \ I • 1 0.038 ^ 
0.4064 I o ( b ) A 0.034 | 
I ' ' « I I » 々 於？ 00 » t I 
0 100 200 300 400 
temperature (deg. C) 
measured by the shift of MgO (002) 
(a) lattice parameter C • 
(b) peak width • 
Fig. 5.37 Temperature variation of PZT//MgO. 
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result of PZT//spinel is similar to the case on MgO except for the 
minimum shifts to 200°C (Fig.5.38) and the smaller coefficient of 
thermal expansion. The results are summed up in Table 5.13. 
In addition to the change of the lattice parameter c, the 
variation of the full width at half maximum (FWHM) , peak height 
and peak area were also analyzed. The FWHM drops according to 
the rise in temperature and then levels at the transition 
temperature (Fig.5.37 and 5.38). A sudden change of slope in FWHM 
vs temperature graph at transition temperature is also reported in 
other ferroelectric films (Mukhortov et al.,1981). 
The peak area or integrated intensity behavior varies 
according to different types of substrates (Fig.5.39). For MgO 
substrate, a vague peak at about 300°C is observed. Different 
runs give different values of peak area within 10%, but the peak 
position in the integrated intensity is essentially the same. For 
films on spinel, the integrated intensity has a slope change at 
about 150°C. Similar behavior is reported in�BaTi〇3�films� (Yoneda�
e t� al.�,� 1993).� In�Yoneda,s� report,� the� authors� pointed� out� that�
such behavior is related to second-order-like phase transition. 
The f e r r o e l e c t r i c phase transition of bulk PZT is of the first 
order. Similar to�BaTi〇3,�however,�under� the� stress�of substrate, 
the phase transition changes from first order to 
second-order-1ike. 
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Fig. 5.38 Temperature variation of PZT//spinel. 
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TABLE 5.13 
Transition Thermal expansivity 
temperature T ( C ) in c 
c 
(ppm/K, for T<T ) 
c 
PZT//MgO 300 - 18 
PZT//Spinel 200 - 11 
PZT (bulk) 350 -10 (found from 
(Fig. 5.41) 
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The peak height increases with temperature below the 
transition temperature (Fig.5.40). For PZT//MgO, there is a peak 
at 300°C while in P2T//spinel, there is no peak. The peak height 
is a monotonic increasing function in PZT//spinel. In fact, the 
peak height gives no additional information because it is 
related to FWHM and the integrated intensity (peak area). 
Although the compositions of bulk and film are different, it 
is still beneficial to compare the temperature variation of 
structure of bulk with that of films. The high temperature XRD 
technique for bulk material has been discussed in Section 4.1.1. 
The temperature variation of lattice parameters a and c is shown 
in Fig. 5.41. Although the tetragonal phase seems to have changed 
to cubic at 250°C, the true transition temperature is greater 
than that. In fact, when the angular separation between the two 
diffraction peaks (002) and (200) is smaller than the FWHM, we 
cannot resolve the two peaks and treat it as one. This effect 
will shift the T to a lower value. So the T determined by 
c c 
lattice parameters only gives the lower bound of transition 
temperature. 
Since the diffraction peak (002) overlaps with (200), it is 
convenient to discuss the feature of the doublet (002) and (200). 
The temperature variation of FWHM of the doublet (002) and (200) 
is shown in Fig. 5.42. The FWHM drops as temperature increases 
and then levels at 350°C. As temperature increases, the (002) 
peak draws near to the (002). This will decrease the FWHM of the 
doublet. When the phase is cubic, the (002) coincides with (200). 
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The FWHM reaches minimum and then starts to level and remains 
intact. From Fig. 5.42, the slope of FWHM levels at 350°C. We 
can conclude that this is the phase transition temperature. 
The temperature variation of peak area of doublet (002) and 
(200) is shown in Fig. 5.43. There is a vague dip at 300°C. Does 
that dip really exist? The question can be answered by looking at 
the peak amplitude of the (002) and (200) doublet as shown in 
Fig.5.44. At low temperature, the doublet can be resolved as two 
peaks. Since the (002) peak is higher, the peak amplitude is set 
to be the (002) peak amplitude. As temperature increases, (200) 
draws near to (002). In merging with the (002) peak, the (200) 
peak amplitude appears to rise and reaches maximum. The 
temperature is 250°C which coincides with the value found in 
Fig.5.41. As the temperature further increases, the peak 
amplitude drops and then suddenly surges at 330°C and then levels 
at 350 C. The peak area of doublet is approximately equal to the 
FWHM times the peak amplitude. This approximation is good when 
temperature is above 250 C because in this temperature range 
(>250°C), the doublet appears as a single peak. Since the FWHM 
monotonically decreases at temperature below 350°C and a local 
minimum of peak amplitude at about 300 C, the product of these two 
gives a dip at 300 C. When combining the data of peak amplitude, 
we conclude that the dip in Fig. 5.43 is real. After all, 
compared with the temperature variation of peak area and lattice 













• 立 600 - • •• 
1 S 0�
羿 5 5 0 - •垂•• 
- • • • “ 
Q 丁 - I 1 
1 5 0 0 - p 
老� error� •� •�
CL� •� fl�
4 5 0 - 丄 • •• 
••； 
4 0 0 • 
• • 
350� 1� •� »� I� I ' I I I 
… 0 1 0 0 2 0 0 3 0 0 4 0 0 
Temperature (°C) 
Fig. 5.43 Temperature dependence of peak area of (002) 









^ 1.1 - I • • 
互� I�
, 苕 ] ••• 
•a "g 1 _ I _ 
0 ^ _ ① 〕� •�
1� E� 0.9- “ 
= 匕 Or ror Jf 
£� I� fc� J�
二 0 . 8 - 丄 • 




0 . 6 - 鼷 
B� 霪 鯧 
0.5 - 韉 
0 4� l ‘ _ 丨� I� I� I� I� I� I� I�
‘ 0 100 200 300 400 
Temperature (°C) 
Fig. 5.44 Temperature dependence of peak height of 
(002) and (200) doublet in bulk PZT. 
211 
Discussion 
Apart from the effect of instrument, grain size is one of the 
main causes of the change of the FWHM. Since the merging or 
growing of grain is not reversible and repeated runs give the same 
curve in Fig. 5.37 and in Fig. 5.38, the grain size effect is 
ruled out. On the surface, the features of FWHM in both films and 
bulk material are alike; however they are indeed very different 
because the films do not have any doublet. In epitaxial films, 
the lattice misfit between the substrate and the film has a 
dominant effect on FWHM. Fig.5.45 shows the lattice misfit 
variation as the temperature changes. The lattice misfit is 
defined as 5a/a' where 5a = a - a and a, = (a + a )/2: a and a 
s p s p ，� s� p�
are� the� lattice� parameters� of� the substrate and the lattice 
parameter a of bulk PZT, respectively. For� spinel,、/2� was� used�
in� calculation.� In� the� PZT//MgO� films,� minimum� lattice� misfit�
occurs� at� the� transition� temperature because the expansion along 
a-axis has a critical change at the transition temperature. Below 
the transition temperature, the expansion of lattice parameter a 
is high. Since the coefficient of thermal expansion and lattice 
parameter a for the film with composition Pb : Zr : Ti = 1.0 : 0.65 
： 0 . 6 5� are� unknown,� the� temperature� variation� of� misfit� cannot be 
calculated accurately. As a rough estimation, we take the lattice 
parameter a the same as the bulk PZT with composition Pb : Ti : Zr 
= 1 ： 0.5 : 0.5� and� the� coefficient� of� thermal� expansion� as�
16ppm/K which is obtained in Fig. 5.41 at low temperature (< 
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overlapping of (002) and (200), it is difficult to get an accurate 
value of the coefficient of thermal expansion. Since the 
coefficient of thermal expansion of PZT is greater than that of 
MgO, the lattice misfit is reduced at high temperature which will 
subsequently lead to a decrease in FWHM. However, when the 
temperature is above the transition temperature, the coefficient 
of thermal expansion reduces significantly to 7.5ppm/K which is 
smaller than that of the MgO substrate. From the graph, we can 
see that the transition temperature of PZT//spinel is smaller than 
that on MgO. Since the thermal expansion of lattice parameter a of 
PZT is larger than spinel (its coefficient of thermal expansion is 
only 8ppm/K). According to our analysis, the FWHM should first 
drop and then increase again. But our data show that the FWHM 
becomes flat. So the substrate-film misfit cannot completely 
explain the data. This problem should be elucidated by in-depth 
research in the future. 
In contrast to the experiment on bulk sample, the (002) 
diffraction of the film samples is not interfered by the (200) 
peak. So the temperature variation of the c parameter can be 
determined accurately. However, since information of the lattice 
parameter a is not available, it is difficult to determine when 
the sample becomes a paraelectric cubic phase. Moreover, Table 
5. 13 lists the difference between the PZT films on MgO and spinel. 
First of all, the thermal expansivity is similar for bulk and PZT 
on spinel. Secondly, above the transition temperature, there is 
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positive thermal expansion for PZT//MgO (similar to bulk (Cook, 
Berlincourt and Scholz, 1963)) while there is almost zero 
expansion for P2T//spinel. This feature can be explained 
qualitatively in Fig. 5.45. For spinel samples, at temperature 
above 200 C, the film becomes larger than the basal plane of 
spinel substrate because of the larger thermal expansion of the 
PZT film. In this case, compressive stress tends to increase the 
c lattice parameter (Poisson effect). However, the phase 
transition temperature is above 300 C. In other words, the c 
parameter tends to shrink as temperature increases whenever the 
o 
temperature is below 300 C. Here we have two opposite 'forces' 
acting on the PZT film on spinel: the compressive stress is 
inclined to increase c and the ferroelectric phase transition 
tends to decrease c. The, canceling effect leads to the leveling 
of the lattice parameter c at temperature ranging from 200 C to 
300°C. One of the consequences of this picture is that the 
transition temperature may not be equal to the ferroelectric phase 
transition temperature especially when there exists strong 
substrate-film interference in good epitaxial films. The 
discrepancy between ferroelectric phase transition temperature as 
determined by X-ray by and dielectric measurement for epitaxial 
BaTiO films has been reported (Yoneda et ai. , 1993). 
o 
Table 5. 14 summarized the different features of temperature 
variation of integrated intensity (peak area) in bulk, PZT//MgO 
and PZT//spinel. 
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Table 5. 14 
sample transition feature T /(deg. C) 
c 
bulk a vague dip 300 
P2T//MgO a vague peak 300 
PZT//spinel change of slope 150 
of integrated intensity 
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The� change� of� slope� of� integrated� intensity� in� PZT//spinel� (Fig.�
5.41)� is� similar� to� the� case� of� BaTi〇3� reported by Yoneda who 
pointed out that the phase transition of ferroelectric film, under 
the stress of substrate, changes from first order to 
second-order-like (Yoneda et al., 1993). The ferroelectric 
transition temperature may be different from T (160°C). If the 
c 
peak amplitudes of bulk, PZT//MgO and PZT//spinel are compared, 
the abruptness of peak amplitude at transition temperature is 
quite different. For bulk sample which owns the first phase 
transition, the amplitude changes abruptly at T . For 
c 
PZT//spinel, the amplitude is the least abrupt. 
Conclusion 
The structural phase transitions of PZT bulk material, 
epitaxial films grown on MgO and spinel are discussed. A 
technique of obtaining an accurate temperature of the PZT films by 
measuring the temperature shift of the diffraction peak of the 
substrate is shown. The transition temperatures varies for 
different substrates. Lattice misfit variation in temperature 
cannot explain all the experimental result. In addition to the 
diffraction peak position, the FWHM also indicates a consistent 




Two important electronic ceramics epitaxial thin films have 
been studied in this thesis. They are high temperature 
superconducting YBCO films and ferroelectric PZT films. 
Successful epitaxial growth of these ceramic materials on 
(001)Mg〇’ (001) spinel and r-plane sapphire with or without buffer 
layer are demonstrated. First of all, although the US magnetron 
sputtering gun has been modified to meet necessary change in 
deposition of YBCO films, PLD is a better method to fabricate 
stoichiometric ceramic films. Since the electronic properties are 
sensitive to the oxygen content of the films, oxygen pressure and 
the post-annealing process are important in film deposition. 
Secondly, substrate temperature is a dominant factor in 
epitaxial growth. Temperature must be higher than a critical 
value the epitaxial temperature. However, too high a 
temperature would affect the stoichiometry and introduce reaction 
and significant diffusion between film and substrate. This would 
degrade the quality of the film. 
Thirdly, although PZT and YBCO have similar structures, 
they do not simply share the same kinds of substrate. It is 
because YBCO system reacts with sapphire and spinel at epitaxial 
temperatures. In this case, an epitaxial buffer is introduced to 
solve this problem. It is interesting to note that since PZT can 
be grown epitaxially on spinel, it may be a good buffer to grow 
218 
YBCO on spinel using PZT as buffer. 
Finally, although pure (110) YBCO epitaxial films were 
successfully fabricated on (110) STO, the films were not 
superconducting. Further experiments should be conducted� to、�pin�
down� the� causes� of� the� loss�of� superconductivity.�
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